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STUDIES OF PHYSICAL PROPERTIES OF NOVEL LITHIUM POLYMER 
ELECTROLYTES 
by 
RAZALI IDRIS 
Abstract 
Polymer electrolyte systems using thermoplastic polyester polyurethane (TPU), 
modified natural rubbers and modified natural rubbers/polyethylene oxide polymer 
hosts have been investigated. Three types of modified natural rubber, namely 2S 
percent epoxidised natural rubber (ENR2S), SO percent epoxidised natural rubber 
(ENRSO) and polymethyl methacrylate grafted natural rubber were employed as 
polymer hosts. 
In this study the ionic conductivity, thermal, FTIR spectroscopy and morphology 
have been determined for both unplasticised and plasticised polymer electrolyte 
systems understudied. The following characterization results explain the effect of the 
polymer electrolyte films made by systematic compositional ratio of lithium triflate 
and ECIPC plasticisers introduced into the polymer aided by volatile solvent. 
Without any plasticiser, the TPUlLiCF3S03, modified natural rubber and modified 
natural rubberIPEO blend based polymer electrolyte systems have ionic conductivity 
in the range 10-6 to 10-s S cm-1 at ambient temperature. Incorporating SO-100% of 
ECIPC by weight to the understudied polymer electrolyte systems yielded 
mechanically stable films and ionic conductivities in the range of 10-4 to 10-3 S cm-1 
at ambient temperature. 
Thermal analyses have shown the detection of single glass transition temperatures for 
the TPU and modified natural rubber based polymer electrolyte system. FTIR 
spectroscopy indicates that the interaction of lithium salt with polymer hosts 
occurred by the increasing band intensities within polymer electrolyte system. The 
mechanical properties of the systems showed that at low plasticiser content the 
stiffiless of the polymer electrolytes is less affected but has a low ionic conductivity. 
In summary, results from SEM spectroscopic data in conjunction with thermal 
analysis show that the degree of crystallinity, melting temperature, crystallisation 
rate and microstructure of PEO in PEOIENR blends have been perturbed weakly by 
the presence of ENR. In addition SEM images showed a rather complicated blend 
morphology, which is composition dependent, arising from phase separation. 
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Chapter 1 Introduction to polymer electrolytes 
Chapter!. INTRODUCTION TO POLYMER ELECTROLYTES 
1.1 General Introduction 
In today's digital technology many sophisticated instrumental, electronic devices 
have been designed by engineers to· cater for consumer aspiration in daily life. There are 
countless consumer products in the market, from clocks and digital watches, personal 
CD players. laptop and mobile phones etc. Astronauts and the team· in space mission 
need wide varieties of space applications such as launch vehicles, earth-orbiting 
spacecraft. Many of these devices and applications demand new and better durable 
batteries to power them. A battery system for space application must be able to sustain a 
severe condition and can provide maximum electrical energy in minimum weight and 
volume (Halpert, Frank and Surampurdi, 1999). It was cited in the article that the 
evolution of flight batteries started with Ag-Zn battery in the early days of space 
mission. It was then used Ni-Cd batteries followed by Ni-H2 battery began to playa role 
in the 80s. Recently, advanced batteries have been developed such as Li-ion 
rechargeable batteries, which are compact, lightweight are available in the consumer 
market. These are attractive but have not yet been used in the space. 
NASA has developed research programme and plan to use it for future space 
mission. From the surveyed internet-based infonnation a recent completed project 
funded by the Defence Advanced Research Projects Agency (DARPA) under the 
Technology Reinvestment·Program·has resulted in the development and scale up of new 
lithium-ion polymer battery technology for military and aerospace applications. The 
contractors for this· cost-shared project were undertaken by Lockheed ·Martin Missile & 
Space and Ultralife Batteries, Incorporation whereas contract for management and 
technical oversight was provided by NASA Research Centre. The final products of the 
project were a portable 1 5 volt (V),lO ampere-hour (A-hr) military radio battery and a 30 
V, 50 A-hr marinelaerospacebattery (Hagedorn, 1999). The new lithium-ion polymer 
battery technology has shown a threefold or fourfold reduction in mass and volume, 
relative to current's commonly used nickel-cadmium, nickel-hydrogen and nickel-metal 
hydride batteries. 
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Chapter 1 Introduction to polymer electrolytes 
A battery basically is a simple electrochemical power source to store electrical 
energy as chemicals. Battery can be classified into two types namely primary and 
rechargeable battery. The fonnerone apply to cell that· is disposable after discharged 
once whereas the latter one refers to battery that can be recharged and use again. 
Between the two options, rechargeable battery or cell is preferred one. The overall 
discharge process involves the flow of electrons from the negative electrode to the 
positive via the external circuit doing electrical work (Figurel; I). The overall charge 
process is the opposite. The two electrodes are separated by an electrolyte that conducts 
ions. The majority of· conventional . batteries utilize an aqueous solution electrolyte 
whereas more advanced battery systems use polymer electrolyte films. Each of these 
systems has a limitations and related deficiencies, which make them unsuitable for 
various applications. 
Discharge 
I :> 
Load 
- 1""-
Li+ (0 
Anode I :> Cathode 
Polymer 
~O <: 1-
Figure 1.1 A cell under discharge. 
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Liquid electrolytes, e.g. non· aqueous propylene carbonate (PC) and ethylene 
carbonate (EC) containing salt possess acceptable ionic conductivity, tend to leak out of 
the cell into which they are encapsulated. The effect is reduced efficiency in· cell service 
of life. Although better manufacturing techniques have decrease the occurrence of 
leakage, cells still·do leak potentially hazardous liquid electrolytes from time to time. 
This is particularly true for current lithium ion battery. In addition the resulting of 
leakage will reduce the composition of electrolyte species in the cell; thus reducing the 
effectiveness of the cell. Cells utilizing liquid electrolytes are not available in different 
specified shapes and sizes of batteries. 
The alternative approach to the above-mentioned problems was to engage solid 
electrolytes f-or use in solid·state battery. A great effort of research work on, new 
materials with high ionic mobility intensified in the late 1960s and early 1970s. Most of 
solid electrolytes, are highly· crystalline and . ceramic types with high ambient 
temperature conductivity. These included compounds such as MA.g..I~ (M = Rh, K, etc.) 
(Gray, 1997; Bruce, 1995) which are silver,ion conductors, and sodium fl-alumina, 
which is a solid sodium ion conductor. The major drawback for alkali metal electrolytes 
is the maintenance of a high operating temperature and the use of highly aggressive 
agents, leading to technical difficulties. Another accounted problem with solid 
electrolytes is· the difficulty of producing a good interface· between the electrolyte and 
the electrode. Disadvantages also prevailed with mechanical properties. These materials 
are hard and brittle and are therefore very difficult to use in larger batteries. 
The preferred option is polymer electrolyte, which is relatively a latecomer in the 
broader field of solid·state ionics. The consequence for this is· that these materials have 
to compete with other established solid-state materials that already proved excellent 
transport properties. The development of intercalation electrodes, which is one of the 
major advances of early solid-state ionic research, has provided suitable material to 
partner wit~ polymer electrolyte for polymer-electrolyte-based cell. 
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The intercalation materials are far less suited to glass or ceramic-electrolyte-based cells. 
The flexible polymeric material has capacity to accommodate volume changes on 
intercalation and deintercalation process compared to rigid electrolyte. It can be 
manufactured as a thin, large area of film, offers a reliable candidate for use in 
electrochemical devices. Taking into account the above matters has provided the 
interest of this thesis topic. In response to this high energy density utilizing polymer 
electrolyte system is an option in place with high capacity electrodes for new breed of 
batteries. The trend of battery development is illustrated as follows; 
Higher capacity lightweight Slimness 
Ni-Cd battery »» Ni-MH battery »» Li-ion battery »»Polymer battery 
The concept of an all-solid state battery is very appealing in term of safety, 
lightweight and flexibility. Recently, intense research pursuit by universities, private 
laboratories and research institutions for an important development in lithium ion 
battery technology involves the replacement of the liquid electrolyte to produce what 
has been termed the plastic lithium ion battery (PLI). This is an interesting concept, 
since it provides the prospect of a favourable combination of the high energy and the 
long life typical of the lithium ion cell, with the reliability and process ability typical of 
a polymer-based all solid-state configuration. The practical exploitation ofPLIs requires 
the availability of polymer electrolytes having a conductivity approaching that of the 
liquid solutions. A successful approach has been reported by the Belcore laboratory in 
the United States with the use of a membrane separator formed as a copolymer of 
vinylidene fluoride and hexafluoropropylene (PVDF-HFP), which is capable of 
absorbing large quantities of liquid electrolyte (Vincent and Scrosati, 1997). The role of 
the HFP component is to decrease the crystallinity of the PVDF copolymer and thus to 
enhance its ability to absorb liquid. 
In respond to the research and development of lithium ion polymer batteries the 
trend of secondary batteries within Japan has changed recently. Many Japanese battery 
companies have announced the shipment ofLi-ion polymer batteries. Matsushita battery 
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Table 1.1 Battery sizes and applications. Source: From DeD (2000) 
Miniaturw'button eels 
AutomotMt 
Remote ... power supply 
Traction 
Stationary 
Submarine 
Load levelling 
0.1-5 
2-100 
2-100 
1OL10' 
1Q4-1Q6 
watches. c.tIad ..... heIrt 
~
Mobile phones. ~ 
PomIbIe radio Md l\( fIeshIemps. 
toyS. video cameras. por;ertools 
Starting Mtteries for cars. trucb, 
buses. bam etc 
Traction batteries far Iawnmowers. 
goIbrts. irMIid chlirs .h:: 
Lighting, wat .. pumping. 
tetecommunicati ftC 
Electric vehicles, fortditt trucks, 
tractors, torpedoes 
Standby bMteries, un-interruptable 
power supply (UPS) 
Underwater propulsion 
Electricity suppty Industry. load 
IM!lHng. peak shaving, spinning 
reserve 
Industry Co. has started marketing Li-ion batteries last year followed up by counterpart 
Sony Energy Tech. Co. The main question is what is so exciting about Li-ion polymer 
batteries at present time. It is mainly the reduced thickness and weight reduction of the 
cell. Table 1.1 is listed different types of batteries for various applications. Taking into 
account the all-state battery system described above has provided the interest of this 
thesis topic. Finally, polymeric electrolytes an important class of electrolytes suitable 
for lithium batteries that have compromise solid-to-liquid structure is chosen for this 
work. 
1.2 Background of Polymer Electrolytes 
It takes almost two centuries to revolutionize an advanced new lightweight batteries 
using polymer electrolyte system. To arrive at this stage many events have taken place 
in the field of electrochemistry. 
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The credits should attribute to individual scientists and research group's relentless effort 
has undertaken difficult years to materialize reliable batteries for commercial and 
domestic uses. Professor Alessandro Volta pioneered the first generation of electricity 
using electrochemical battery in 1800 (Vincent and Scrosati, 1997). From the small 
beginning the development of electrochemical cell has become a great interest by 
scientist in a number of countries. The progress of research in solid-state 
electrochemistry has developed steadily up to the late 60's and early 70's. During this 
period the desire to realise technological goals has motivated the discovery of many 
new solid electrolytes and intercalation electrodes. The oil crisis of the early 70's has 
change the research scenario to focus on development of energy storage devices. 
In the late 1970's polymer electrolyte has received a great attention for potential 
application in electrochemical devices such as batteries and electrochromic windows. 
Polymer electrolyte is relatively new area to the broader field of solid state ionics 
compare with established ceramic-based solid electrolytes proven excellent in their 
transport property and stability. Unlike solid electrolytes, polymer electrolyte has 
capacity and property that make it possible to construct all solid-state batteries. 
The polymer conforms to the volume changes of the electrode that typically occur 
during in service of discharging and charging, which far less apparent to glass or 
ceramic-electrolyte-based cells. The great interest of polymer electrolytes has driven 
several research groups to explore new polymer electrolyte system, physical studies of 
their structure and charge transport and theoretical modelling of the charge transport 
processes. The detailed finding and progress in this field has been reported in literature 
(Armand, 1986~ MacCallum and Vincent, 1987, 1989~ Ratner and Shriver, 1988; 
Vincent 1989· Tonge and Shriver, 1989; Cowie and Cree, 1989,· Bruce and Vmcent , , , 
1993; Linford, 1987, 1990). 
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It was described in literature (Bruce, 1995) that the structure and charge transport 
mechanism for polymer electrolytes entirely different from those of inorganic solid 
electrolytes as such the following will describe the general consideration of polymer 
electrolytes. Basically, polymer ,acts as solvating solvent for cation for the formation of 
polymer electrolytes. According to most research on new polymer electrolytes stated 
that ion transport is preferable on local motion of the polymer (segmental motion) in the 
vicinity of the ion. For the past two decades there are two general types of polymer 
electrolytes have been intensively investigated. They are bi-ion conductor polymer-salt 
complexes and polyelectrolytes. In the former one a typical example is dissolution of 
salt, e.g. LiCI04 in coordinating polymer, usually polyether. Both anions and cations 
can be mobile in these types of electrolytes. 
Polyelectrolytes, on the other hand, a positively or negatively charged ion covalently 
attached to the polymer backbone with only the counterion is significantly mobile. 
These type of electrolytes are also known as single-ion-conducting solid polymer 
electrolytes. Some examples of polyelectrolyte hosts are sodium poly (styrene 
sulfonate), lithium poly (2-sulfoethyl methacrylate) (Gray, 1997) and lithium 
polyphenolates (Mandal, Walsh, Sooksimuang and Behroozi, 2000). For this work most 
of the reviewed articles/journals focused on bi-ion-conducting polymer electrolyte 
systems, which are closely related to the thesis topic. 
1.3 Polymer Electrolyte Development 
It is reviewed from literature that the study of polymer electrolyte involves various 
scientific discipline and techniques. As it was mentioned in the previous section 
polymer electrolyte is new area in the broader field of solid-state ionics. As such many 
researchers in various scientific discipline have great interest to explore new polymer 
electrolyte system based on guided principle as reported by previous investigator. 
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F or more than two decades since the early discovery of ionic conductive polymer by 
Wright et al (1973) to present time, there are many approaches have been attempted to 
fulfill criteria for electrochemical devices applications as far as polymer electrolyte 
research is concerned. The results previous investigations on polymer electrolytes are 
well-documented in books and conference proceedings. From the literature reviews, 
which focused on the polymer electrolyte systems, it can be roughly divided into main 
groups. They can be divided into conventional polymer electrolytes and non-
conventional polymer electrolyte systems. 
1.3.1 Conventional Polymer Electrolytes 
Poly(ethylene oxide), PED, is a linear polymer and the regularity of the -( CH2-CH20)-
unit contributes a high degree crystallinity (70-85 %)(Gray, 1997). Pure PEO adopts 
helical conformation as shown in Figure 1.2 below. 
\ .93nm ----
Figure 1.2 Structure of polyethylene oxide, PEO, viewed parallel and normal to the axis of 
the helix. The black circles represent oxygen atoms. Source: From Gray ( 1997). 
PEO on heating displays melting point of the crystalline phase, Tm , at 65°C and glass 
transition temperature, Tg, at - 60°C. The dielectric constant of the polymer is low (- 5-
8) and this has an important influence on the properties of the electrolytes. The first 
solvent free polymer electrolytes were based on high molecular weight PED, which 
remains the basis for all the solvent-free systems. It serves as a prototype for the 
structural features in most of the advanced polymer electrolyte hosts. 
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A number of alkali metal salts formed complexes with PED at a range of concentration 
and to act as a binder for other phases (Best, Ferry, MacFarlane and Forsyth, 1999). In 
general a polymer, which is capable of strongly coordinating cations is necessary for the 
formation of electrolyte. Other typical examples of coordinating polymers, which can 
act, as solid solvents like PED are polyethylene imine and polyethylene succinate. 
PED based Li salt complexes are generally exhibited conductivity in the range 10-7 to 
10-8 S cm-lat room temperature, which is not acceptable for practical application (Kim, 
Dh and Choi, 1999; Sun, Sohn, Yamamoto, Takeda and Irnanishi, 1999). Reasonable 
conductivity in PED-salt polymer electrolyte can be achieved (- lO-s Scm-I) above 
100°C but at the expense of mechanical properties of the polymer. A high degree 
crystalline phase in PED is a great obstacle to impede ionic conductivity at room 
temperature. Then, cross-linking between chains in polymer electrolytes restricts the 
local chain motion, as consequence decreases conductivity (Angell, 1983). 
However, contrary result might be obtained for crystalline form of PED-salt complex. 
Recently, a group work of researchers (MacGlashan, Andreev and Bruce, 1999) 
reported the structure of the PED: LiAsF6 complex with a 6: 1 composition. From the 
structural determination carried out was observed that the 6: 1 crystal structure possesses 
highly aligned cylindrical tunnel for Li+ ion transport. In this case, cross-linking serves 
to introduce pairing of the chains providing ion transport along the tunnel. Thus, the 
mere presence of cross-linking does not necessarily impose a significant decrease in 
conductivity in every case. There are several other factors that contribute to affect and 
finally limit conductivity in PED based electrolyte systems. There are three main factors 
could be mentioned here; first the strong dependence of ion mobility on the segmental 
motion of polymer backbone (Gray, 1991); second, a low volume fraction of the 
amorphous phase of the PED complex below the melting point of the crystalline PED 
phase (Berthier, Gorecki, Minier, Armand, Chabago, and Rigaud, 1983); and last, a 
relatively low number of charge carriers due to the low degree of charge separation as 
well as ion association (Reiche, Steurich, Sandner, Lobia and Fleischer, 1995). 
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Various strategies have been applied for PEO to enhance ionic conductivity by 
controlling one of these factors. For example, research into modification of PEO based 
polymer electrolytes have been reported and reviewed (Gray, 1997). Then, an approach 
with incorporation fine particles of ceramic material into the polymer-salt complex was 
reported to increase the ionic conductivity (Scrosati, Crose and Persi, 2000). An 
improvement of conductivities was reported by addition of plastizers such as ethylene 
carbonate, propylene carbonate and the mixtures into PEO-salt complexes ( Bandara, 
Dissalayake and Mellander, 1998) or plasticizing salts like Li (CF3S02hN to PEO as a 
result of facilitating segmental motion of polymer chains. 
Alternatives to PEO polymer host have also been explored with the intention to achieve 
suitable candidate for electrochemical device applications. Different materials such as 
polyacrylonitrile, PAN (Starkey and Frech, 1997; Abraham and Alamgir, 1990), poly 
(methyl methacrylate), PMMA (Quartarone, Tomasi, Musrtarelli, Appetecchi and 
Croce, 1998; Bohnke, Frand, Rezrazi, Rousselot and Truche, 1993), polyvinylidene 
fluoride PVDF ( Fuller, Breda and Carlin, 1997; Voice, Southall, Rogers, Matthews, 
Davies, McIntyre and Ward, 1994), polyvinyl chloride, PVC ( Sung, Wang and Wan, 
1998), and polyurethane, PU (Venugopal, Reichert and Zhang, 1996), nitrile-butyl-
rubber and styrene-butadiene-rubber, NBRlSBR (Matsumoto, 1996) have been studied 
to this aim. In the following section discusses some of these different classes of the 
second-generation polymer electrolytes, which fall under categories non-conventional 
polymer electrolytes. 
1.3.2 Non-Conventional Polymer Electrolytes. 
The 90' s era has produced new second-generation polymer electrolyte systems, which 
fall under category non-conventional polymer electrolyte system. With regards to the 
interest of second-generation polymer electrolyte systems, the related articles and 
journals parallel to this thesis topic are reviewed and described in this section. This 
present review will embrace three classes of solid-state electrolytes namely polymer gel 
electrolytes, blend based polymeric electrolytes and composite polymer electrolytes. 
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1.3.2.1 Polymer gel electrolyte. 
Polymers have been used widely for automotive components, electronic kits, toy 
products, building panels etc. In addition to this growing list is the utilisation of plastics 
or elastomers as a solid medium to replace the liquid electrolyte counterparts as the 
components of electrochemical devices such as displays, sensors, electrochromic 
windows, supercapacitors and rechargeable batteries. Numerous papers and patents 
have been published regarding the use of polymeric materials for their application as 
polymer gel electrolytes in solid polymer batteries (Murai et a/l997; Nashiura, Kono, 
Namegaya and Matsuda, 1998; Hikmat, Peeters, Lub and Nijssen, 1999). These systems 
have shown improved ionic conductivities over previous conventional polymer 
electrolyte systems (Yavaroy, Wang and Wunder, 1999; Kim, Oh and Cho~ 1999). 
Dissolving a salt in a polar liquid and adding an inactive polymeric material to give 
material mechanical stability form a gel electrolyte by definition. Basically polymer gel 
consists of polymer, an ionic salt and a solvent. Organic plasticisers are employed to 
increase the flexibility of the polymer host main chain. Several polymer hosts that have 
been investigated as polymer gel electrolytes for lithium batteries include PEO 
(Appetecchi, Croce and Scrosati, 1997), PAN (Ostrovskii, Torell, Appetecchi and 
Scrosati, 1998), PVdF (Wang, Huang and Wunder, 2000) and PMMA (Yarovoy, Wang 
and Wunder, 1999). Whereas polar solvents such as ethylene carbonate (EC), propylene 
carbonate (PC), dimethyl carbonate (DMC), have been added into polymer matrix to 
form polymer gel-type electrolyte. Most of the polymer gel systems retain high amounts 
of electrolyte species (40-85 wt %) in their polymer matrix and registered ionic 
conductivity value 10-3 S cm-1 at ambient temperature (Wang, Huang and Wunder, 
2000). 
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From the cited literature· five methods of preparing polymer gel electrolytes have been 
studied by several research groups (Croce, Brown, Greenbaum, Slane and Solomon, 
1993; Jiang, Carroll and Abraham, 1997; Matsumoto, Ruttand Nishi, 1995; Wang, 
Huang and Wunder, 2000; Kono, Hayashi, Nishiura and Watanabe, 2000). The 
preparation of the polymer gels are briefly described as follows; first one involved 
heating at elevated temperature the mixture of polymer, ionic salt and plasticiser until 
forming homogenous viscous melt solution.· The viscous solution is cast and forms 
electrolyte film on cooling. The second method involves dissolving the polymer host in 
a lithium salt electrolytic solution and common low boiling point solvent. The mixture 
solution is cast and forms a polymer gel film after the solvent evaporated off. The third 
method involves an activation process, in which a polymer film is soaked in electrolytic 
solution. The fourth method polymer electrolyte film is prepared by thermal extrusion. 
The detailed preparative method is described elsewhere (Abraham and Alamgir, 1990). 
The fifth one the gel electrolyte is prepared by UV cross-linking technique illustrated 
below; 
LiquId alaC1l oIrta 
DMPA: Thennal-initiator 
Source: From Kono et al (2000) 
WII,adIIUon 
To date polymer gel electrolytes technology -has been successfully applied in lithium-ion 
polymer battery being commercially produced. Some of the companies from Japan and 
U.S.A involved with Li-ion ·polymerbattery are given-in Tablel.2 (Osaka, 1999). 
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Table 1.2 List of some battery companies using polymer gel electrolyte for lithium ion 
polymer batteries. Source: From Osaka (1999). 
MIIIuIitI ............ .LICoOt ....... ..PVDF teL ....... r.npiII .. _ .• 3.7 ..... 35I62x3 6 .•.• ..500 ...... 25IL .... I25 ..... .ceadIr ............ JIruaIy 19118 
IIdIry 
Sony ........................ LICoOz ......... PVDP p. ......... Gniphhe ... _3.7 ....... .35a62x3J ....... .540 ........ 245 ....... 125 ...... CeIlIIIr. PC .•. ..5frinII999 
.IIpm ... ......... LICoOz ........ ..PVDP teL ....... CnfibIte __ 3.6 ... _..3Zd2x3.4 ._ • ..510 •• _.210 •.••• 125 ...... CI6aIIr ........ .sumn.I999 
JlaneIy Mific: 
HIIIdIi MIIIII ....... ~ ......... .PEO aeI ....... -.~ ... _..lL ... 5W&x3.0 ..... ..500 _ ...... .1311..-,; . ..., ..... .ceUuIIr. PC ..... .Aprl19lI8 
SInyo... .................... .LICoOz ....... ...no ael7 ........ Gnp/*Ie ....... 3.6 .•.• ..l7x7Sxl5 ..... ..550 _ ....... ZIXl ....... .l31 .... ~ ............ .sumn.I999 
TOIIiIII BIarJy ..... .ucoclt ....... PVDF ",-.. -.~ •. _.3.6 .... ..36I74x3.6 ....... 650 _ ..... .245 ...... 115 ..... .c.-. PC .... 1.1. 
lID Carp. ......... .LICoOz _ ..... ..JIB) aeI-... _.caR _ ..... _3.6_..sa74x12 ._ ... 400 •• _.185 ....... ..85 ... ..c.Mr .... _ • ...hIII. 
~_~1IIB. 
pay 
Hi-ioWWIlMiIH .. LICoOz ......... PEO .L ........ {',npHte ........ 3.7 ...... ..34I48x4 ...... .500 __ .... 211.-.• 100 ...... CeIWIr. PC ._.~ I. 
a-. 
UIInIIfe ~ ....... _.UMnP ....... ..PVDF teL-_ .•. enpiIe _._ . .J.7._SlxlO3xl5 ._1700 ___ lIS_ •.• le1 ••• .c.IWIr. PC _ . .3Q IWl 
ValRt (USl .......... .l.iMnzO ........ PVDF ... - ...... GnPft ....... 3.7 _ ... ..36a65d'O ._11Xl __ .... 221L .• II0 ..... .PC ..................... .3Q 1981 
J02xl27x5 ...... :1Il00 
~ I ........... UCOOZ ......... .PVDF teL-.. · ... GnIfH. _-3.1 ... _"'''.5 __ ..530 _ ..... DlL .• l31 ..... 00IIIr ......... _ .. «21 .. 
(HEl) (US) 
UtIiIB TICb. ._ .. ~ _ .... .1VDP JII .•• -GniII* .-3.6 ... .203dI5d.4 • .2400? _ ........ _ .. 125 .... ..PC ... _ ................ 4Q 1988 
(US) 
SIdIIIa ~ .. l.iCoOt ....... .PVDf .L ..... ~ ........ 3.85 ....... 4.4 ....... 450 ......... .215 ....... 131 .... .eeI ........ _ ... .FIII lR111 
EIedIaMI (CA) •.• .lJCoOz ....... ..PVDF .L ..... ~ __ .3.6 ... JIIxl31b6 ._1_ ._ .... 435._ .• 175 ._..PC __ ........ _ ... .20 1. 
t4ahed1 (lIJ ........ 14 ........ cq. aoMnt ... ,U 1II!III.._..l.1 •.•. .J4J4tI5.o .• _..110 •.•.•. 210 .... _170 ... ..c.., ........ .3Q 1. 
polymer . 
Physical and electrochemical, properties are the crucial factors for any polymer 
electrolyte systems before taking into account for their commercial use in 
electrochemical devices applications. Various topics of investigations have been carried 
out and reported in the literature that discussed the changes in the properties of polymer 
gels, introduced by variation of components and their relative amounts. For example 
mentioned here some of the results from reviewed articles that produced by polymer gel 
electrolytes such as reduce its conductivity upon increasing the amount of polymer 
added and long storage in the series of investigation, the loss of mechanical strength 
upon high retention of plasticiser were reported in the literature. 
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It has been reported the gels consisting of polymer-rich and polymer-poor phases by 
polymerisation of apolar diacrylates in a mixture with a liquid electrolyte (Hikmet, 
Peeters, Lub and Nijssen, 1999). In this system was found that with increasing 
diacrylate concentration, the ion conductivity showed a decrease. The decrease in the 
ion conductivity was associated with the decrease in the free volume within the system. 
A promising conductivity was reported by immobilisation in a poly (methyl 
methacrylate) PMMA matrix, LiN(CF3S02h salt solvated in an ethylene carbonate-
dimethyl carbonate (EC-DMC) mixture (Quartarone, Tomasi, Mustarelli, Appectecchi 
and Croce, 1998). These system electrolytes have shown electrical conductivity at room 
temperature as high as 10-3 Scm-I. However, one of the drawbacks of these gels is their 
lack of long-term structural stability, which causes a reduction of the contact area with 
the electrode and a resultant fall in conductance. PMMA-based gel electrolytes tend to 
crystallize and, possibly, to phase separate with aging, depending on the solvent utilized 
in gel preparation. 
Several research workers have reported mechanical properties of polymer gels with high 
retention liquid electrolyte. It was found that tensile strength of . the gel electrolytes, 
prepared from the tri-functional macro monomer polymer host decreased with 
increasing liquid electrolyte content up to 90-wt % (Kono, Hayashi and Watanabe, 
1999). 
PVOF gel electrolyte, containing 80-wt % liquid electrolyte attained 1.4 MPa tensile 
strength and 170 % elongation at break, while maintaining an ionic conductivity of 10-3 
S cm-I (Jiang, Carroll and Abraham, 1997). In the case of PAN-based gel electrolytes 
have shown good mechanical properties even when the liquid electrolyte content was 
added higher than 9O-wt % (Tatsuma, Taguchi, Iwaku, Oyama and Sotomura, 1997). 
From the information described above suggests that different approaches of investigated 
polymer gel· systems creating wide range of properties for the complete electrolyte. 
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1.3.2.2 Blend based polymeric electrolytes 
In this section the review will discuss the blend based polymer electrolytes from the 
point of perfonnance,· structure and stability. Blending of polymer system is obtained 
from homogeneous solutions of two components in an appropriate common solvent. 
PED has been widely used to blend with other polymers to gain significant advantages 
such as to improve structural, mechanical and electrochemical properties. For example 
PEOIPVDF blend based electrolytes have shown improved ionic conductivity than 
pristine conventional PED base electrolyte and performed good mechanical property 
(Jacob, Prabaharan and Radhakrishna,1997). The ionic conductivity and mechanical 
integrity of PVDF: LiCID4 polymer electrolyte complex were studied as a function of 
PEO concentration. The addition of PED into PVDF:LiCID4 complex enhances the 
room temperature conductivity and mechanical stability of the thin film electrolyte 
membrane. The maximum conductivity at 30°C was found to be 2.0 x 10-5 S cm-! for 
PVDF-LiCID4: PED (80:20) w/o. 
Wiezorek et al reported solvent casting or thermal polymerisation preparation technique 
of the blends of PMMA and PED doped with sodium and lithium salts. The two ways of 
synthesis were compared and revealed that the technique of preparation affecting the 
conductivity ofblendsyst-em studied. During the reaction of thennal polymerisationof 
MMA monomers in the presence of high molecular weight PED, a graft 
copolymerisation OCCUB. The increased conductivity was reported due to the formation 
of the grafted PED-PMMA phase, which acts as an internal plasticiser and 
compatibiliser. This has resulted increases the flexibility and the free segmental motion 
of polyether amorphous phase. The outcome was an increase in the distances among the 
PED chains and a reduction·in thecrosslinking effect of the cation is observed. The 
presence of a grafted-phase has attained the higher values of room temperature 
conductivities (10-4 - 10-5 S em-!) in the whole temperature range (Quartarone, 
Mustarelli and Magistris, 1998). It was also reported that DSC experiments also show 
T g values lower than those of the cast films. 
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The intrinsic structure of the PEO-PMMA blends and PMMA stereoregularity have 
strongly influenced the conductivity of such electrolytes. The PMMA configuration is a 
key factor, which determines the reorganisation of the two polymers in the blends and 
their compatibility are quite different., This has been reported (FloIjanczyk, Such and 
Wieczorek, 1992) that isotactic one (IPMMA) when blended with PEO, its conductivity 
is at least one magnitude higher than of systems containing the atactic and sindiotactic 
isomers. The use of 300/0 IPMMA in the blend with PEO can reach maximum room 
temperature conductivity value of 9 x 10-5 S cm-}. 
There are two other polymeric fillers such as polyacryloamides and polyacrylates have 
been studied to blend with PEO show lower T gS than PMMA. The resulted polymer 
electrolytes show a remarkable chain flexibility, higher ionic transport and conductivity 
(Wieczorek, Such. FloIjanczyk and Przyluski, 1992). In addition, polyacryloamides 
(P AAM) have side polar groups that contribute to the higher dielectric constant of the 
polymeric blends, and . the salt dissociation. These multiphase polymer electrolyte 
systems have two T gS, corresponding to PEO-rich phase and P AAM-rich phase. DSC 
experiments revealed that the addition of stiff P AAM suppresses PEO crystallinity and 
improves the mechanical properties. 
The remarkable effect of these polymers in blending with PEO is the competition 
between two Lewis base centres, 0 of ether and N of amide groups. Thus, the presence 
of these different ligands has caused the formation of more than one polymer-cation 
complex. As reported in FTIR characterisations (Wieczorek, Such and Steven, 1994) 
suggest that in the PEO-P AAM blend doped with LiCIO.., three types of complexes are 
identified: (i) the classical crown-ether PEO-Li-PEO; (ii) the system PEO-Li-P AAM, in 
which Lt is coordinated by the PEO heteroatom oxygen and N of amide groups. The 
compositions containing P AAM and LiCI04 are optimised (20-30 P AAM vol % and 10 
mol % LiCIO .. ). The system PEO-Li-PAAM is favoured, which has a decrease in Tg 
value, attributed to the amorphous region of PEO and then the maximum ionic 
conductivity (4 x 10-s Scm-I). 
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1.3.2.3 Composite polymer electrolytes 
Several research workers and investigators in universities and research institutions have 
investigated PEO based composite electrolyte systems. Some of them in the list include 
Weston et al (1982), Stevens and Mellander (1986), Plocharski et al (1988), Chen 
Liquan (1988) and Wieczorek et al (1990). Conductivities at room temperature in 
excess of 10-5 S cm-1 were obtained and maximum amount of filler concentration in the 
range 10-20 wt % of the ceramic additive. The reason for the increase in conductivity 
with respect to the corresponding unfilled electrolytes was attributed both to the 
enlargement of the total amorphous phase in the polymer matrix and to some not well-
understood interactions among polymer chains and the ceramic grains. The effect of the 
filler grain dimension on the conductivity was also ascertained ( Wieczorek, Such, 
Wycisklik and Plocharski, 1989). 
Other PEO based composite electrolyte systems were also studied by Scrosati and 
coworkers. The addition of pl/-Ah03 to the systems PEO: Nal and PEO: LiCI04 was 
reported (Croce, Bonino, Panero, and Scrosati, 1989; Croce, Passerini, Selvaggi and 
Scrosati, 1990). In the system was found that the conductivity has reduced but it 
performed better mechanical resistance towards crystallisation. The systems were 
assembled in solid-state electrochemical devices and also being discussed (Scrosati. 
1989). 
In the most recent one reported by the same group (Scrosati. Croce and Persi. 2000) 
was PEO-based nanocomposite polymer electrolytes. In the investigation was reported 
an impedance spectroscopy of two different types of nanocomposites polymer 
electrolyte membranes. The systems were having a different salt-to-PEO composition 
ratio and based on different types of fillers, i.e., the (PEO)sLiCI04 + 10 wt % Ti<h and 
the (PEOhoLiCI04 + 10 wt % Si02 membranes. It was found that ceramic filler can 
perform both as a sort of solid plasticiser for the polymer chains (by kinetically 
inhibiting their crystallisation and their reorganisation at ambient temperature) and act 
as solid solvent (by interacting with the lithium salt ionic species). 
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This has resulted in an enhancement, both at the macroscopic and microspoic level, of 
the electrolyte characteristics. Furthermore, the dispersion of the ceramic particles 
substantially improves the mechanical strength of the nanocomposite polymer 
electrolytes. 
The recent work (Abraham, Koch and Blakely, 2000) was also presented a class of 
polymer-ceramic composite electrolytes in which the organic component· is a gel 
electrolyte based on PVOF-HFP copolymer, and inorganic ceramic component is Li+-
conductive oxide solid electrolyte. The electrolyte films comprising PVOF (polymer 
host), PGDME-LiN(S02C~sh (plasticiser) and (LiAlTiP) as the ceramic filler have 
produced ionic conductivities of 2.6 x 10 .. .., 3.7 X 10-4 and 6 x 10-4 Scm"} at 20, 35 and 
50°C, respectively. 
1.4 Project aims and rational 
This research thesis was aimed to investigate a viability of modified natural rubber as 
polymer host to form polymer electrolyte systems for use in· rechargeable lithium 
batteries at ambient temperature. Prior to the above interest the work devoted to the 
thesis title, Studies of Physical Properties of Novel Lithium Polymer Electrolytes. These 
can be outlined and identified as follows: 
• To study fundamental concept underlying principle of polymer electrolyte 
system parallel to current polymer battery technology 
• To improve deficiencies of conventional polymer electrolyte systems directed to 
its electrochemical device applications 
• To extend the knowledge and develop the· method of processes occurring in 
preparation of polymer electrolyte system 
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• To achieve· reliable physical properties of polymeric electrolytic material 
compatible with rechargeable lithium battery system 
• To seek alternative for a cheaper polymeric material in response to a critical 
price hike of commercial synthetic thermoplastic materials. 
• To explore alternative approach for the future trend of polymer electrolyte 
system. 
To achieve this, the following will describe the chapters of individual research tasks 
contributing for the thesis. In the Chapter 1 will describe a scope of research work 
undertaken with the thesis topic, Studies of physical properties of novel lithium polymer 
electrolyte. This will follow up by significance literature review of the beginning and 
recent polymer electrolyte related to thesis topic. 
In Chapter 2 will present the theory part of lithium conducting polymer electrolyte and 
its applications. In Chapter 3, Experimental technique and instruments are discussed. In 
the following chapter of work conducted on Polymer electrolyte based on modified 
natural rubber will begin with a brief review of work reported in the literature, which is 
directly relevant to it. Then, will be followed by the presentation of the results of study. 
Next in Chapter 4 discusses plasticised and non-plasticised thermoplastic polyurethane 
based polymer electrolyte systems. Thus, in Chapter 5 modified natural rubber based 
systems containing doped and undoped lithium salt polymer electrolyte are discussed 
with emphasise on different level of salt concentration incorporated in the polymer· host 
which leads to increase the conductivity and transition glass temperature. Properties of 
plasticised modified natural rubber based polymer electrolyte systems containing mixed 
composition ECIPC are also discussed. 
19 
Chapter 1 Introduction to polymer electrolytes 
The effect of concentration of the plasticiser, the methods of the preparation of the 
polymer film on the conductivity and thermal events of the system are discussed. In 
Chapter 6 the properties of the ENRIPEO blends both undoped and doped polymer 
electrolyte systems are discussed. The effect of the concentration of the PEO added into 
the ENR mixture on the conductivity and physical properties at ambient temperature is 
discussed. 
Finally concluding remarks is drawn in Chapter 7 the physical properties of polymer 
electrolyte entire systems based on elastomeric TPU and modified natural rubber. The 
correlation between morphology, thermal analyses, infrared studies and ambient 
temperature conductivities is rationalised by introducing various amounts of electrolyte 
components in the investigated polymer hosts. 
The structure of this thesis can be classified into two parts; First part involved studies on 
plasticised and non-plasticised TPU and modified natural rubber based polymer 
electrolytes; and the second part dealt with plasticised and non-plasticised polymer 
electrolytes based on modified natural rubber blend with PE~. 
In the first part was investigated a series of polymer electrolytes employing 
thermoplastic polyurethane (TPU) and modified natural rubber polymer hosts. Soft solid 
rubbery electrolyte· films were successfully produced using thermoplastic polyurethane 
and modified natural rubber with different level of lithium tritlate salt introduced to the 
systems. Then, various compositions of TPU and modified natural rubber based 
containing salt with and without plasticisers were investigated. The properties of the 
polymer gel· films such as ionic conductivity, thermal· phase· transition, infrared 
spectroscopy and mechanical strength were characterised. 
The second part describes the entire experimental work dealt with preparation and 
characterisation of polymer electrolytes using epoxidised natural rubber (ENR) and its 
blends with polyethylene oxide (PEO) as polymer hosts. 
20 
Chapter 1 Introduction to polymer electrolytes 
The ENRIPED blend based electrolytes were attempted for comparison purposes to the 
preceding work dealt with single polymer host electrolytes using thermoplastic 
polyurethane and modified natural rubbers. Basically, these samples were classified into 
two series as· mentioned above with the compositional regimes of non-plasticised and 
plasticised polymer electrolytes at ambient temperature. In the first series neat 
masticated epoxidized natural rubber was chosen for this work, as principal host 
because of its interesting chemical structure and mechanical properties. Epoxidised 
natural rubber has an advantage as elastomeric amorphous is highly polar, which can 
easily dissolve in high dielectric solvent such as THF. The resulting dissolution of 
polymer in the solvent has produced viscous polymer solution, which can be easily cast 
to form film electrolyte. For the second series polymer electrolyte films of blends 
consisting of epoxidised . natural rubber· incorporated with PED as disperse phase were 
prepared in similar manner. 
The technique of sample preparation, percentage of ENRlPEO, its molecular 
weight and polarity seem to be crucial parameters in affecting the conductivity of 
ENRIPEO blend based polymer electrolyte systems studied. In this chapter the 
properties of blends consisting of epoxidised natural rubber· (ENR) as polymer matrix 
component and various percentage of PED as disperse phases are described. 
The ENRIPEO blend based electrolytes obtained by the dissolution of the two high 
molecular weight polymers and other components in THF solvent followed by the 
evaporation of the solvent used. Despite the ease of preparation of the blend electrolyte 
systems they are even more difficult to evaluate than simple conventional polyether 
electrolytes as was pointed out in literature review. 
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The intent to obtain improved mechanical rigidity and ionic conductivity the blends of 
ENRIPEO compositions have been selected and optimised. To accomplish this, the salt, 
LiCF3S03 concentration was fixed throughout this investigation while PEO content was 
varied to study the effect of addition of PEO into ENR- LiCF3S03 polymer electrolytes 
by monitoring the morphology, thermal and ionic conductivity properties; As such the 
relation between phase structure, morphology and ionic conduction of the entire 
systems were discussed in detail. 
From DSC data and SEM studies indicate that, the crystallinity of PEO can be inhibited 
by blending withepoxidised natural rubber (ENR). According to the results of SEM 
phase studies ENRIPEO blends polymeric electrolytes have been divided into 
inhomogeneous and partially miscible systems. The SEM images have shown that 
spherulite crystalline phase of polyethylene oxide predominate for the high weight 
percent containing PEO in the blend whereas addition of dopant salt and plasticiser -into 
the blend revealed no traces of aggregates in the blends. It has been determined that a 
considerable increase ·in conductivity can be achieved by incorporation of mixed ECIPC 
into the system. This is consistent with tendencies observed by DSC (single transition 
glass at lower range temperature and no melting temperature ·in the upper range 
temperature) and impedance measurement. 
The studies concerning· the miscibility of ENRIPEO blends can also be observed from 
DSC and FTIR investigations. Thermal analysis has displayed a single glass transition 
temperature. FTIR spectra of pure ENR,· pure PEO and their blend electrolytes 
(plasticised and non-plasticised) have been collected and analysed for comparison. 
Although the ·initial finding of ENR based electrolytes unable ·to achieve high ·ionic 
conductivity at 10-3 S em-I at room temperature, they partly contributed a novel material 
as host polymer. The oil crisis has triggered the rising cost of material to produce 
synthetic polymers. As such the manufacturers are looking for other option to explore 
natural polymer, which is cheaper and available. 
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Chapter 2. Lithium Conducting Polymer Electrolytes 
2.1 Polymer Electrolyte Morphology 
There are various structural states present in the polymer systems that can be considered 
in relation with the understanding of ion conduction in polymer electrolyte as far as 
polymer host is concerned. Generally, there are four stages that can exist in the polymer 
system to undergo phase transition behaviour upon heating or cooling. They are 
identified as crystalline, melting, glassy and elastomeric states. Crystalline state can be 
achieved by polymer, which can be arranged in highly-regular structures called 
crystallite. Each crystallite consists of rows of folded chains. This is often referred to a 
high degree homopolymers such as polyethylene and polyethylene oxide for which the 
structural repeat units are simple. For the crystallisation process to occur a sufficient 
thermal energy is needed to provide the necessary molecular mobility for the chain-
folding process at temperature above transition glass temperature. There is no perfect 
crystalline polymer, even the most crystalline one contains unordered amorphous 
region. Crystalline polymers may exhibit both. Transition glass temperature 
corresponding to long-range segmental motions in the amorphous regions and a melting 
temperature, T m, which disordered crystallites resulting an amorphous disordered melt 
is formed. For ionic conduction in polymer electrolyte system amorphous phase is 
preferable than crystalline phase. 
In the melting state, a sufficient thermal energy is high enough for long segments of 
each polymer to move in random micro-Brownian motions. As the melt is cooled, the 
temperature below which all long-range segmental motions ceases. This temperature is 
known as the glass transition temperature, Tg. For example a fast cooling of a liquid 
homopolymer, a glassy state is formed. Below this temperature, physical properties 
such as density, viscosity, diffusion and conduction become less sensitive to 
temperature. The last state, which is unique to polymeric material and highly 
preferential to polymer electrolyte systems refer to elastomeric state. 
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This is generally a high temperature event, above T g in which long-range segment 
mobility is prohibited by either chain entanglement, at very high molecular length or 
cross-link network. At macroscopic point of view, polymers at this state are rubbery or 
elastic, i.e. deformation occurs when applying a stress to it but revert to its original size 
by removal of the applied stress. At microscopic level they are liquid-like, mobile create 
a small amount of space or free volume, which promote vibrational motion can occur. 
From the above account it presents that the distinction between the various states of 
polymer is significant to ionic conductivity approach. The selection of polymer host can 
be determined from its chemical structure whether it will be crystalline or amorphous in 
the solid state. Thus, based on reviewed article/journals the ionic conductivities become 
prominent in the liquid or elastomeric state, where there is sufficient molecular mobility 
persist. 
2.2 Mechanism or ionic conductivity 
The mode of ionic transport in polymer electrolyte systems differ from ceramic-based or 
glass solid electrolyte by quite a different mechanism. Ion transport in polymer occurs 
by reforming and breaking coordination with coordinating site atom aided by segmental 
motion of the polymer backbone. On the other hand in ceramic-based solid electrolyte 
ion is transported by means of hopping within interstitial sites in the rigid solid 
framework. These features can be illustrated in Figure 2.1 and 2.2. The idea of ionic 
conduction applied in plasticised polymer system is governed by the electrolyte species 
of low molecular weight, high dielectric constant solvent encapsulated in the polymer 
matrix. 
In the early 1970's research into ion conducting polymers began in the solid electrolyte 
field indicate that conductive properties were initially assigned to the crystalline 
complexes according to the solid state vacancy mechanism. 
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Conductivity was suggested based on the hopping of cations between vacant sites in a 
regular helical polymer sheath, paralleling the hopping mechanism of the conventional 
solid-state ionic conductors. NMR studies carried out by Berthier and co-workers 
(1983) have changed the direction that polymer electrolyte research was to take. The 
idea of ions moving through crystalline material along helical tunnels was incorrect. 
NMR experiments showed that the mobility of ions belonging to an amorphous phase is 
higher than those belonging to a crystalline polymer phase. The ionic conductivity in 
polymer electrolyte is generally fitted in terms of the Vogel-Tamman-Fulcher (VTF) 
equation (Armand et ai, 1979). It can be expressed as 
A (-E) u=-exp 0 
T'" T-T. o 
The polymer segmental motion promotes ion mobility by making and breaking the 
coor-dination bonds between cation and polymer and providing free volume into which 
ion can diffuse under the influence of an electric field. Figure 2.2 shows this type of 
motion schematically. 
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Na Cl Na Cl Na Cl Na Cl 
Cl 
'" Cl 
Na Cl Na Cl Na 
Na~ 
Na Cl Na Cl Na Cl Na cl 
Cl Na Cl Na Cl Na Cl Na 
(a) (b) 
Na+ ions 
oxide ions 
Figure 2.1 Dlustration of ionic conduction mechanism in solid electrolytes. (a) Vacancy (b) 
interstitial and (c) interstitialcy conduction mechanism. In (c), Na + ion A can move only by first 
ejecting Na+ from its site. Source: From Bruce (1995). 
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.. 
Interc:bain hopplna 
(a) 
lntl'aChaiR hopping vUt ion cluaacr 
)~ 
lNen:luater hopping 
(b) 
Figure 2.2 Representation of cation motion in a polymer electrolyte; (a) assisted by 
polymer chain motion only; (b) taking account of ionic cluster contributions. 
Source: From Bruce (1995). 
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2.3 Incorporation of ionic salt and implication 
Polymer electrolytes are complexes obtained through direct interaction of alkali salt and 
a macromolecule. The concept is based on the motion of ions in polymeric matrices in 
the absence of a solvent. According to Pearson's hard and soft acid-base theory, the 
polymer acts as a nucleophilic ligand (Lewis base) and the cation as an electrophile 
(Lewis acid) for the formation of complex. Some of the factors that limit polymers 
compare to their liquid-electrolyte counterparts are restricted by their low dielectric 
constant, crystalline phase morphologies, range of molecular weight and dissolution of 
ionic salt leads to the formation of free ions, ion pairs, triplets and multiplets. The 
resulting ionic conductivity value produced is lower than liquid based electrolytes at 
room temperature. For example in Figure 2.3 is given schematic representation of the 
ionic species in polymer/salt complex. 
Figure 2.3 Schematic illustrations of the species presence in a polydispene 
solvating polymer/salt compleL Source: From Baril et al (1997). 
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2.4 Addition of plasticiser or co-solvent 
Polymers that have little or considered non ion-solvating properties can be transformed 
to become ionic conductors by incorporating a compatible plasticiser. The choice of 
using liquids with low vapour pressure and high dielectric constant introduce into the 
polymer system to lower its transition glass temperature is widely used. The plasticiser 
is absorbed into the polymer structure and the resultant sample appears as single-phase 
soft rubbery material. For instance, PMMA plasticised with ECIPC plasticisers has 
changed its hard tough resin to become soft elastomeric material. The plasticisers 
converts the parent, semicrystalline, polymer electrolyte into an amorphous material, 
lower the electrolyte viscosity and increase ionic mobility by reducing the potential 
barrier to ionic motion. Diffusion of plasticiser from the polymer matrix in the long-
term storage has reduced the ionic conductivity properties of the polymer electrolyte 
system. However, addition of cosolvent into polymer matrix has increased the uptake of 
plasticiser and retaining the solvent effectively within polymer electrolyte system. PVC 
based electrolyte system using vinyl acetate as cosolvent has proven an increase of ionic 
conductivity . 
2.5 Application in lithium polymer batteries 
The ultimate system is targeted to operate in a suitable battery that generates a large 
amount of energy in a small package. The solid lithium polymer battery, which is both 
light and safe, actually uses polymer gel electrolytes. There is a huge demand in the 
current world market because this leading edge rechargeable polymer battery 
technology is ideal for cellular telephone, notebook computers, and other portable 
electronic applications. For almost 20 years since the early development of polymer 
electrolyte technology in 1978, only a few organisations have long-term expertise in 
lithium polymer electrolyte rechargeable battery technology. 
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Recently, Ultralife Batteries Incorporation, U.S.A (Osaka, 1999) has produced solid 
polymer electrolyte battery to generate 4.0 V. A U.K company, AEA (Daily Mail, 1999) 
has recently announced the production of lightweight batteries. 
Figure 2.4 Lithium ion Polymer batteries. Source: From Osaka, (1999) 
0' 
~ ,. .. 
# ' 
. 
• 
Presently, there are significant increases in the level of research and development 
activities in Asia related to polymer electrolytes. These activities are mainly focussed on 
the development of practical devices using gel-based polymer systems. In Japan, the 
Mitsubishi Electric Company has developed batteries using polymer gels. Figure 2.4 
shows a photograph ofLi-ion polymer battery the latest development by Panasonic. 
Established research organisations and battery companies have made efforts relating to 
polymer gel systems using novel synthesised polymers for solid polymer batteries. 
Some of the most important activities are given in Table 2.1. 
30 
Chapter 2 Lithium conducting polymer electrolytes 
Table 1.1 Lithium Polymer Electrolyte Battery Technology Development Activity 
in some countries worldwide. 
Developer Technology Application 
3M-Hydro-Quebeca Solid polymer electrolyte Electric vehicle 
BelcoreD Polymer gel electrolyte LCD display 
Mitsubishi Electric Corpc. Polymer gel electrolyte PC notebook 
Battery Engineering, IncQ • Solid polymer electrolyte Laptop computer 
Ultralife Batteriese Solid polymer electrolyte PC notebook 
Ultralife & Lockheed I Solid polymer electrolyte Aerospace Equipment 
a- http://www.lithiumpolymerbattery.comlperfonn.html 
b- http://www.edtn.comInews/oct121l01298tnews2.html. 
c- http://www.edtn.comlnewsldec04/120498tnews2.htm1 
d- http://www.batteryeng.comIwhats_new.htm1 
e- http://www.polymerbattery.comIsss.html 
f- http://www.grc.nasa.govIWWWIRT1998/5000/5420hagedom.htm1 
Country 
N. America 
N. America 
Japan 
U.S.A 
U.S.A 
U.S.A 
Most recent research and development activities have been focused on ambient 
temperature applications, and consequently on the improvement of the ambient 
conductivity of polymer electrolyte systems. To date numerous reports and patents have 
reported that polymer gel electrolytes achieved considerable ionic conductivitity in the 
range ID-4 - ID-3 S em-lat ambient temperature. Some of the recent polymer electrolyte 
systems are listed in Table 2.2. 
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Table 2.2 Some polymer gel electrolyte systems using various types of polymer 
hosts 
Polymer electrolyte system ConductivitylScm·1 
P ANlECIPCILiCI04 1.1 X 10.3 
Diacrylate/PCILiPF6 LOx10·3 
PVDF/DMFlLiCF3S~ 1.6xI0·" 
i-PMMA- a-PMMA lPCILiCF3~ 1.6x10·3 
AMClEClDMc/ LiCIOJfume silica 5.3xIO"'" 
TPUIECIPCI LiCF3S~ 1.0xlO·-' 
ENRIECIPC/ LiCF3S~ 2. 9x 1 0"'" 
MG-49IEClPCI LiCF3S~ 3.2xlO"'" 
r Appetecchi, Croce, and Scrosati, (1997). 
'%lanet, Peeters, Lub and Nijssen, (1999). 
hHeuman and Stevens, (1995). 
iYavaroy, Wang and Wunder, (1999). 
jKim, Dh and Choi, (1999). 
Temp/DC Ref 
25 f 
25 g 
25 h 
25 i 
25 j 
25 This work 
25 This work 
25 This work 
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Chapter 3. Experimental Techniques 
This chapter will describe some of the most important parts of the experimental work in 
relation to the methodology of this thesis topic is concerned. By definition of polymer 
electrolyte system, it consists of a polymer matrix to act as a host for a guest of an alkali 
metal salt. The current work is pursued after taking into consideration the basic 
knowledge and understanding with guided references from journals the related aspect of 
work to the thesis topic. The materials were chosen and experimental works proceed for 
the preparation of the polymer electrolyte systems. Characterisation techniques utilising 
DSC, impedance spectroscopy, SEM, FTIR performed on the prepared samples were 
also discussed. The main components of polymer electrolyte systems are the polymer 
matrix to act as a host and a guest for an alkali metal salts. Additives such as plasticisers 
were used to enhance the ionic properties of the polymer electrolyte systems. To 
achieve this, the materials concerned to formulate the polymer electrolyte system for the 
investigation are detailed in Table 3.1 and 3.2. 
Table 3.1 Some characteristics of polymer hosts used 
Material TJ'C 
·Masticated ENR25 -43 
"Masticated ENR50 -24 
~eveaplus MG-49 -61 
can,-...... --an 385 
-r -42 
epEO -60 
Mw : Welght average molecular welght 
Mn : Number average molecular weight 
Notation: 
Mw Mn 
271000 139600 
258000 148300 
970000 203000 
361000 143000 
600000 
·Masticated ENR25 and "ENR50- The masticated samples were supplied by Tun Abdul Razak 
Research Centre London. The ENR rubbers are nominally of 25 and 50 mol % epoxidation 
level. 
CSeveaplus MG-49- Methyl methacrylate grafting natural rubber latex was obtained from Green 
HPSP Company, Petaling Jaya, Malaysia. 
'Desmopan 385-Thermoplastic poly (ester)-polyurethane was supplied by ALDIS Company, 
u.K. epEO- Poly(ethylene oxide) was purchased from ALDRICH supplier. 
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Table 3.2 Details of the chemicals used. 
Chemicals Abbreviation Source Molecular Purity 
mass 
Lithium triflate LiCF3S03 Fluka 156.01 99.8 
Ethylene carbonate EC Fluka 88.06 99.8 
Propylene carbonate PC Fluka 102.09 99.7 
Tetrahydrofuran THF Aldrich 72.12 99.9 
Toluene CJf~CH3 Aldrich 92.14 99.8 
A dopant salt with a large anion is chosen to maximise the solubility and dissociated ion 
concentration. Lithium triflate was selected from a number ionic salts being used 
because of their extensive charge delocalisation and low lattice energy. The chosen salt 
was easily soluble in the polymer electrolyte system at ambient temperature. The 
structure of the salt is depicted below. 
F 0 - Li+ 
I I 
F-C--S-O 
I I 
F 0 
Figure 3.1 Structure of Iitbium tritluorometbane sulfonate 
Plasticisers using ethylene carbonate (BC) and propylene carbonate (PC) mixtures have 
been chosen in this work as plasticising solvent systems. Comprehensive studies have 
been published on EC-PC mixtures (Klassen, Aroca and Nazri, 1998; Tao Li and 
Balbuena, 1999; Croce, Appetecchi, Mustarelli, Quartarone, Tomasi and Cazzanelli, 
1998). Solutions of lithium salts in cyclic organic solvents such as ECIPC mixtures are 
used as electrolytes and have proven to be among the most efficient in term of battery 
cyclability. EC has been proposed as a better solvent than PC due to its higher dielectric 
constant and lower viscosity. These properties enhance ionic conductivity because they 
favour salt dissociation and high ionic diffusion rates. 
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The physical properties and molecular structures of the plasticizing solvents used in this 
work are given in Table 3.3 and Figure 3.2. 
Figure 3.2 Chemical structures of EC (I) and PC (ll). 
Table3.3 Physical properties of plasticisen used in this study 
Solvents Molar mass m.p. b.p. Density Dielectric Viscosity 
(lC) (lC) (g/cm3 ) constant (cP. ) 
EC 88.1 39.5 248 1.32 89.6 1.86 
PC 102.1 -49.2 241 1.20 64.4 2.53 
• I cP = 0.001 kg m-t s-t 
3.1 Polymer electrolyte composition 
In the polymer electrolyte system formulation it is possible to calculate the lithium ion 
concentration relative to the other components in various ways that make different 
assumptions about the nature of the complex formation. Lithium ions may be regarded 
as complexing solely with the solvent or alternatively with the polymer and the solvent. 
In addition the nature of the complex in each case is not clearly identified. Lithium 
contents in polymer electrolytes are usually expressed in terms of an OlLi ratio based on 
the atomic concentration of each element, but only those atoms believed to complex 
with lithium are included in the calculation. Thus the OlLi ratios in this work are given 
by the following generic formula as shown below: 
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For example the calculation ofOlLi is presented for (ENR25/50)x( LiCF3S03) system, 
. (m p xMW Jxn p OILI = --=-----~ 
m. xMWm 
where, MWm : molar mass of monomer 
MWs : molar mass of sah 
m. : mass of sah 
mp: mass of polymer 
np : no. of active oxygen atoms per repeat unit 
e.g. ENR25/ LiCF3S03 system 
OlLi = 2.0x 156 
0.1 x 288 
=11 
The ratio of OlLi for plasticised system, ENR25/ LiCF3S03IEC/PC was calculated by 
the following equation, 
OlLi = (mT x MWs ) 
[
MWm MW Ee MW PC ] ms --+ + ----'-'''--
nm nEe npc 
Where, MWs : molar mass of sah 
MWm : molar mass of monomer 
MW EC : molar mass of ethylene carbonate 
MW PC : molar mass of propylene carbonate 
mT : total mass of polymer + plasticisers 
nm : no. of active oxygen per monomer unit 
nEe: no. of active oxygen in ethylene carbonate 
npc : no. of active oxygen in propylene carbonate 
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3.2 Preparation of polymer electrolyte mms 
Solvent casting technique was used to prepare most of the films for this work. The 
technique of film preparation adopted one of the methods described in the literature 
(Tsuchida et al 1983). First of all, it involved dissolution of ENR rubber and LiCF3S03 
salt in tetrahydrofuran solvent. It was stirred magnetically for about 24 h at room 
temperature until a homogeneous solution was obtained. For plasticised polymeric 
electrolytes, appropriate amounts of plasticisers were added into the viscous 
homogeneous solution, which was stirred further for another 12 hours. Thin films of the 
ENR polymer films, were obtained typically 0.2 -O.3mm thick, prepared by casting the 
viscous polymer solution inside a glass ring placed on a Teflon plate. Solvent 
evaporation was conducted in the fume chamber until pinhole-free films of uniform 
thickness visually observed. The samples were initially dried at room temperature and 
then transferred to a vacuum oven for final drying at about 4S-S0oC. 
3.2.1 (MG-49).. LiCF3S03 system 
The first step was casting of MG-49 latex to obtain a dry rubber film. Then the MG 
dried rubber film was sliced into grain size. About 4 weight percent MG-49 polymer 
concentration was prepared by dissolving 4.0 g of it in 250 cm] quickfit stoppered 
conical flask, containing 100 cm3 of toluene with efficient magnetic stirring (Kohjiya et 
al (1990). It was left overnight with continuous stirring until there was complete 
dissolution of polymer into clear viscous solution. A lithium tritlate salt solution of 
tetrahydrofuran (THF) was prepared separately. Then, these two solutions were mixed 
together to obtain a homogenous solution. 
The solutions were cast onto glass ring moulds with Teflon sheet underneath and the 
solvent was allowed to evaporate in a fume cupboard at room temperature. A free-
standing film was obtained when all the solvent had evaporated off. Residual solvent 
was further removed in a vacuum oven for 48 h at 50°C. 
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The samples were reweighed to check whether any solvent loss had occurred, and stored 
in sealed containers in a desiccator. The compositions of prepared electrolytes are 
presented in Table 3.4 and 3.5. 
3.2.2 ENR rubber based polymer electrolyte system 
The masticated ENR rubber was cut into grain size and dissolved into tetrahydrofuran 
with efficient magnetic stirring. The viscous solution of ENR rubber was formed after it 
was left overnight with continuous stirring. Then lithium triflate salt was added to the 
solution. The THF solution of the ENR rubber mixed with lithium triflate was cast into 
glass ring formers on a Teflon surface. A free-standing polymer electrolyte film ofENR 
rubber was obtained after the THF solvent evaporated off. The final films were further 
dried under vacuum oven for 48 h to remove residual solvent. Then, the films were kept 
in desiccator until further use. The detailed compositions of the prepared electrolyte 
were listed in Tables 3.6,3.7,3.8 and 3.9. 
Table 3.4: The compositions ofMG 49ILiCF.,SO., system 
No. t 2 3 4 !5 6 
NR-MG49LS 4 4 4 4 4 4 
LiCF3SOJ 2 5 10 15 20 60 
Table 3.5: Compositions oftbe MG 491 LiCF.,SO.,IECIPC system 
No t 2 3 
NR-MG49LS 4 4 4 
EC+PC 25 50 100 
LiCF3SOJ 5 5 5 
Table 3.6: Compositions of ENR-251 LiCF.,SO., systems 
No t 
Masticated ENR-2S· 4 
LiCF3SOJD 2 
-wt. % relating to polymer. 
bwt. % relating to polymer 
1 
4 
5 
3 4 !5 
4 4 4 
10 15 20 
4 
4 
200 
5 
6 
4 
60 
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Table 3.7: Compositions ofENR-2SI ECIPCI LiCF3S03 systems 
No 1 2 3 4 
Masticated ENR-25 4 4 4 4 
EC+PC 25 50 100 200 
LiCF3S~ 5 5 5 5 
Table 3.8: Compositions ofENR-SOI LiCF3SOJ systems 
No 1 2 3 4 !5 6 
Masticated ENR-50 4 4 4 4 4 4 
LiCF3S~ 2 5 10 15 20 60 
Table 3.9: Compositions of ENR-SOI ECIPCI LiCF3S03 systems 
No 1 2 3 4 
Masticated ENR-50 4 4 4 4 
LiCF3S~ 5 5 5 5 
EC+PC 25 50 100 150 
All electrolyte compooents are given as weight percent (wt. %) relative to polymer dry 
weight. ENR rubber is given in weight percent (wt. %) relative to solvent. The amount 
ofplasticiser is expressed in wt. % relative to ENR polymer. 
Example, y % = [ wt(P) ] x 100 
wt(ENR 
3.2.3 ENRIPEO blend based polymer electrolyte system 
All the electrolytes were prepared by solvent cast technique. The solution of film cast 
were prepared by dissolving appropriate amounts of the ENR rubber, PEO and 
LiCF3S03 together in THF solvent. The viscous solutions were poured into the same 
sized glass moulders and the THF was allowed to evaporate under atmosphere at room 
temperature. After evaporation of the THF, mechanically free-standing films of the 
same weight and similar thickness (250-300J.U1l) were obtained and peeled from the 
moulder. The films were further dried in the vacuum oven at 45-50oC to remove any 
traces of THF solvent. 
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3.2.4 Thermoplastic Polyurethane (TPU) based electrolyte systems. 
All samples were obtained by the solvent casting technique. Appropriate amounts of PU 
resin and salt were mixed and dissolved in THF to form the 4 % by weight solution. The 
compositions of the prepared samples are presented in Table 3.10 and 3.11. 
Table 3.10: Compositions ofTPU/ LiCF3S03 system. 
No 1 2 3 4 ~ 6 7 
Desmopan 385 4 4 4 4 4 4 
LiCF3SO! 20 30 40 50 60 70 100 
Table 3.11: Compositions ofTPUIECIPC/LiCF3S03 system 
No 1 2 3 4 ~ 6 
Desmopan 385 4 4 4 4 4 4 
LiCF3SO! 20 20 20 20 60 70 
ECIPC 20/20 30/30 40140 50/50 60160 70170 
All electrolyte components are given as weight percent (wt. %) based on polymer dry 
weight.The amount of plasticiser is expressed as weight percent (wt. %) of the TPU 
present. 
Example, y % = [ wt(P) ] x 100 
wt(IPU) 
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3.3 Characterization Techniques 
3.3.1 Impedance Spectroscopy 
A Solartron model 1250 Frequency Response Analyser and 1286 Electrochemical 
interface was used to measure the impedance of electrolyte films of known thickness at 
constant pressure cell with blocking electrodes. The samples were scanned at frequency 
range 0.1 Hz to 65 kHz. 
3.3.1.1 Conductivity ceO for polymer electrolytes 
A schematic diagram of the apparatus is given in Figure 3.3 . A typical complex 
impedance spectrum at ambient temperature for gel electrolyte is depicted in Figure 
3.12. It shows a flattened semicircle and a non-vertical spike (described section 
3.3.1.1.1). The point at which the semicircle and spike meet on the real axis gives the 
value for ~. The conductivity of the gel electrolyte was calculated from the expression: 
cr= IIRt, A 
Where; I is the thickness of the polymer electrolyte film; 
~ is the bulk resistance value; A is the surface area of the polymer electrolyte film. 
COlllputer 
Impedance 
Analyser 
Stainless steel 
electrode 
Nylon 
screws 
L __ JJb~~~~~:;aE5-POIYlller Electrolyte 
StDIIJess . led 
dectrode 
Figure 3.3: Schematic diagram of the conductivity apparatus for polymer electrolyte. 
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3.3.1.1.1 Conductivity measurements in polymer electrolytes 
Polymer electrolytes are basically complexes between the polymers and ionic salts. The 
polymer acts as a solvent for a salt charge carrier, which becomes partially dissociated 
in the matrix leading to electrolyte behaviour. Ionic conductive polymers generally 
exhibit a modest ionic conductivity - 10-s S cm-1 at room temperature. It is preferable 
for a polymeric electrolyte to have acceptable ionic conductivity for electrochemical 
device application with negligible electronic contribution. To achieve maximum ionic 
conductivity in a polymeric material it must possess a large number of ionic charge 
carriers as well as high ionic mobility. The ionic conductivity of an electrolyte can be 
expressed in the equation by the sum of the product of the concentration of ionic charge 
Carriers and their mobility, written as; 
In this equation, ni is the number of charge carriers, Zi is the ionic charge and Pi is ionic 
mobility. Ionic conduction measurements can be obtained by D.C (direct current) or a.c 
methods. 
3.3.1.1.2 Alternating current measurements 
The popular approach to measure polymer electrolyte ionic conductivity is using a.c. 
impedance technique. The primary advantage of alternating current method over d.c. 
method is that it eliminates the concentration polarisation problem associated with d.c. 
measurements. It is employs very simple cells incorporating inert blocking electrodes 
but it involves more complex equipment and theory to interpret the measurements. The 
follOwing discussion involves the cell containing blocking electrodes and the use of 
simple a.c. theory in conjunction with the complex plane analysis to obtain d. c. results. 
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3.3.1.1.3 Simple a. c. theory 
In an a. c experiment a sinusoidal voltage is applied to a cell and the sinusoidal current 
passing through the cell as a result of this perturbation is determined. Two parameters 
are required to relate the current flowing to the applied potential. One represents the 
opposition to the flow of charge and is equal to the ratio of the voltage and current 
maxima, VrnaJImax and is analogous to the resistance in direct current (d.c) 
measurements. The other parameter is the phase shift, cj), of the voltage and current. The 
combination of these parameters represents the impedance, Z, of the cell. For an 
electrochemical cell, both the magnitude of the impedance IZI = V maxlImax and its phase 
angleO are functions of the applied frequency. A typical a.c. experiment consists of 
determining the complex impedance of a cell as a function of the signal frequency and 
presenting the results in the form of a complex impedance plot. The impedance has both 
a magnitude and a direction and is therefore a vector quantitiy. Thus, it is represented in 
terms of (a) its magnitude and phase angle, IZI and 0, or by its real and imaginary parts 
within the complex impedance plane. Figure 3.4 shows a diagram generally known as 
complex plane plots. 
Z' is called the real part of the complex impedance and Z" is the imaginary part. 
p 
r 
r 
Figure 3.4 Representation of the complex impedance plot or Argand diagram. 
Source: From, MacCallum and Vincent, (1987). 
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The simple equivalent circuit consists of individual components, principally resistors 
and capacitors to model the impedance data of the electrochemical cell. 
a) Resistor 
A sinusoidal voltage applied across a resistor is in phase with the current passing 
through it. The amplitude of the current waveform is reduced as shown in Figure 3.5. 
Figure 3.6 shows the result of the electrochemical cell containing a pure resistor, R, the 
phase angle, B, is zero and the imaginary part of the impedance is also zero. Therefore 
the Argand diagram (Figure 3.6) has only a single point because there is no dependency 
on the a.c. frequency. 
1 
/VoIlage 
-1 
AS 
--rzl-R ..t 8-0 AI 
CUJTeftt 
Figure 3.5 Relationship between a sinusoidal voltage and current response for pure 
resistor. 
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R 
---VINVV\. ... --
Z'-R Z'·o 
J. IZI-R 8-0 
CI , j 
R 
--
-. 
ReaI/C r 
Figure 3.6 Representation of a resistor in the complex impedance plane. 
b) Pure capacitor 
For an electrochemical cell containing a pure capacitor the voltage lags behind 
the current by 90° or () = - n as shown in Figure 3.7. 
2 
curnri 
1 
-1 
Figure 3.7 The relationship between a sinusoidal voltage and the current response 
for a pure capacitor. 
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The result of this is that the real part of impedance becomes zero, the imaginary part has 
a value of ~ and the impedance is frequency dependent. As a function of frequency, 
oC 
the impedance of a capacitor defines a vertical line in parallel with the imaginary axis 
(Figure 3.8). The impedance of the circuit can be described mathematically as 
1 IZI = jwC 
wherej = R and OJ = 21ff. 
c 
----111..---
Z'-O r-l/e£ 
IZI- t/CGC 8- 0 
""0 r 
Figure3.8 Representation of a capacitor in the complex impedance plane. 
In actual fact electrochemical cells do not contain single components but consist of the 
combination of components themselves. The equivalent circuit involves correct 
combination of capacitors and resistors for complex plane analysis to modelling the 
impedance data whose frequency response is the same as that of the test cell. 
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For this the two simplest networks of components or equivalent circuits are considered: 
i) Resistor and capacitor in series 
R C 
I_~ 
F or series circuits it means that for a resistance and capacitance in series the individual 
impedances are directly additive. Complex impedance plots in Figure 3.9 illustrate this. 
Ztotal .. Zt + Z2 + 13 + ..•. _ .•. 
Z' 
R z 
Figure 3.9 Complex impedance plots for a combination of a resistor, R, and 
capacitor in series. 
Z=R-j i 
oC 
The complex impedance plane therefore takes the form of single vertical line 
intercepting the axis for the real component at the value of R. 
For parallel combinations: 
When resistance and capacitor are connected in parallel, however, the impedances are 
not directly additive, but addition of the reciprocal impedance contributions for each of 
the components as below; 
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Hence, the total impedance; 
R [ 1 ]. R [ wRC ] 
1+(mCRY -J 1 + (wRCY 
A resistor and capacitor in parallel gives a semi-circle on the real axis with diameter, R 
in Figure 3.10. 
z· 
R/2 
R 
Figure 3.10 complex impedance plots for a combination of a resistor, R, and 
capacitor in parallel. 
This work was used in the test cell, which had the following configuration; 
Blocking electrode 
Electrolyte 
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In the ideal equivalent circuit, it considers the following contributions 
i) ~ and Cg denote the resistance of the bulk electrolyte resistance and 
geometric capacitance 
ii) en represents the double-layer capacitance at the electrode/electrolyte 
interface 
The ideal equivalent circuit produces the impedance plot shown in Figure 3.11 Finally a 
resistance and capacitance in parallel, which are than combined in series with another 
resistance gives a semicircle and vertical spike. 
Cg 
Cdl Cdl 
Rb 
z· 
0>, 
Rb /2 Electrode 
R 7:. 
Figure 3.11 Equivalent circuit and related complex impedance plot. 
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The total impedance of the equivalent circuit is given below: 
From the equation it can be seen that the terms contain tV and hence they are frequency 
dependent. Therefore at high frequencies the equivalent circuit reduces to a parallel 
Rb C til combination which gives rise to the semicircle in the complex impedance plane. 
At low frequencies _1_» RJJ and hence C makes a negligible contribution to the me g 
g 
impedance. The equivalent circuit thus reduces to a series combination of Rb and C til 
appearing as a vertical spike displaced a distance Rb along the real axis. 
In reality the ionic conductivities of the polymer electrolytes were evaluated by a. c. 
impedance with a symmetrical cell, having the polymer electrolyte sandwiched between 
two stainless steel electrodes. A typical impedance spectrum for an ENR-based polymer 
electrolyte, as depicted in Figure 3.12, involves a spur intersecting the real axis (i.e., the 
Z' axis). It shows a flattened semi-circle and a non-vertical spike. 
·50000 
·20000 
·10000 
• 
• • 
... · · ........ "". 
""..- • "V"" 
• 
• 
• 
• 
• 
D+-__ ~ __ ~ __ ~ __ ~ __ ~~ 
o 111100 20000 30000 40000 SOOOO 8_ 
Z'/Ohm 
Figure 3.12 Impedance plot of (ENR) llLiCF3S0J 
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In order to take into account for the flattening of the semi-circle and the tilting of the 
spike require the use of constant phase elements (Bottelberghs 1978). 
3.3.1.1.4 Constant Phase Elements 
Constant phase elements are best thought of as having characteristics intermediate 
between the capacitor and a resistor, i.e. a leaky capacitor (Latham and Linford 1987). 
The full mathematical representation of these would be beyond the scope of this thesis. 
This recognises that the components of the overall impedance may not be purely 
resistive or capacitative and CPE is defined by: 
where ro is the angular frequency, p has values, which lie in the range 0< p <1 and k is a 
constant. The expression above can be mathematically manipulated using de Moivre's 
theorem (Linford 1990) as: 
Thus, when p = 0, Z CPE behaves as a resistance with a value R= k, whereas when 
p = 1, it behaves as a capacitance with a value C = ~ . The CPE is generally used to 
replace the capacitive elements in the equivalent circuit. For a simple circuit consisting 
of a resistor and constant phase element in series, the impedance plot is represented by a 
line, tilting at an angle p1f to the Z'axis and contacting this axis whenZ'= R, as 
2 
shown in Figure 3.13 (a). In the case of a resistor and a CPE in parallel, a depressed 
semicircle is produced as shown in Figure 3.13 (b). 
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RC 
IlIt1 It-
--'9 , 
R 
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(a) 
(b) 
z 
z' 
Figure 3.ll. Impedance representation of the combination of a resistor and 
constant phase element (a) in series and (b) in paraDei. From Linford (1990). 
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R 
Figure 3.14 
The impedance of circuit in Figure 3.14 can be expressed as 
3.3.1.2 Conductivity ceU for liquid electrolyte 
The range of ten samples were prepared and labelled as series S I-S 1 0 for mixed 
plasticizers (EC/PC) and doped-ECIPC. The compositions of PCIEC mixtures in the 
ratios of 100/0, 75/25, 50/50, 25/75, and 0/100 respectively. The doped and undoped of 
mixtures of ethylene carbonate (EC) and propylene carbonate (PC) were contained in a 
square Teflon conductivity cell constructed in the laboratory and this was used to 
measure the conductivity. The cell employed stainless steel electrodes with a fixed 
distance of 1 mrn between them. The ionic conductivities of the liquid electrolytes were 
measured on equilibrated temperature 4SoC. A schematic diagram of the conductivity 
cell is given in Figure 3.6. 
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Topview ___ ~ 
~/Tefton 
Two electrodes~~==~1 ~~r===J~E~:1 __ ~~7 for 
connected to -::= electrolyte 
impedance aoaIyzer I = '\ 
n R Tefton 
Figure 3.6: Schematic diagram of conductivity cell for liquid electrolytes 
3.3.2 Mechanical properties 
Stress-strain measurements were performed to determine the mechanical properties of 
the gel electrolytes. For the stress-strain measurements, tensile strength, modulus, and 
elongation at break were measured using an Instron machine (Model 4302, series ix). 
The standard test method conducted on the samples followed procedures in accordance 
with British Standard 903 Part A2 (BS 903,1995). The details of sample preparation and 
stress-strain plots interpretations are described as follows: 
Standard test pieces of dumb-bell shaped are preferable for determination of tensile 
strength. The test pieces are stretched in a tensile-testing machine at a constant rate of 
transverse of the driven grip. Readings of force and elongation are taken as required 
during the uninterrupted stretching of the test piece and finally when it breaks. 
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3.3.2.1 Preparation of test pieces 
Dumb-bell test pieces were cut from the prepared cast films having the dimension 
outline given in Figure 3.7. The die cutter for preparation of dumb-bells has the 
dimensions given in Figure 3.8. 
Test length 
(see table 1) 
Figure 3.7: The dumb-bell shape of tensile test piece. 
Source: Taken from as· 903: Part • A2: (1995). 
A 
c 
f'I :--....... 1/ / i\ • . r-
--4 c ~ 1/ /' 
"-
... 
Figure 3.8: The schematic diagram of the dumb-bell die cutter 
Source: From BS· 903: Part • Al: (1995) 
A minimum of three duplicate test pieces were cut and marked with two reference parts 
to define the test length. The thickness at the centre and each end of the test length were 
determined with the thickness gauge. The median value of the three measurements was 
used in calculating the area of the cross-section. The width of the test piece was taken as 
the distance between the cutting edges of the die in the narrow part. 
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3.3.2.2 Definitions of stress-strain plots 
The maximum tensile stress, TS, was recorded in extending the test piece to breaking 
point [see Figure 3.9]. The elastic modulus is a measure of resistance to defonnation 
obtained from the slope of the stress/strain curve. The elongation, E, is the extension, 
expressed as a percentage of the test length, produced in the test piece by a tensile 
stress. 
s 
1-------------#r5. TS, 
0) 
c. r 
Figure 3.9 - Schematic of the tensile stress-strain plot 
Source: From BS· 903: Part • Al: (1995). 
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3.3.3 DitTerential Scanning Calorimetry (DSC) 
Differential Scanning Calorimetry (perkin-Elmer DSC-4) (Fig. 3.10) was employed for 
thermal characterisation of the polymer gel electrolyte systems over temperature range 
of -80 to + 30°C in a liquid nitrogen atmosphere. Samples were rapidly cool to - 80 
and heated to 30°C at a scan rate 10°C min-I. This allows observation of any salt 
precipitation phenomena and determination of transition glass temperature. 
Sample Referen~e 
\/ 
hea"rs 
Figure 3.10. Schematic diagram representation or a typical DSC sample ceO. 
Source: Adapted from Fried (1995). 
The DSC-4 Differential Scanning Calorimeter is a conducive and easy to use instrument 
for the measurement and characterization of the thermal properties of the materials. The 
System- 4 Microcomputer Controller is used to programme the DSC-4 from an initial 
temperature to the final temperature. The compartment for the two platinum alloy 'cups' 
function as the sample holders on the DSC-4. These cups are mounted in a solid 
aluminium block, which contain a heater and a sensor (see Figure 3.12). As the DSC-4 
programs (up or down) in temperature transitions such as melting, boiling, dehydration 
or crystallization may occur in the material, resulting in an endothermic or exorthermic 
reaction. The amount of power needed to maintain the sample holder at the same 
temperature as the reference holder during the transition is recorded as a peak on the 
recorder or Data Station. The values are obtained directly in millicalories per second, 
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and this value is at all times equivalent to the rate of energy absorption or evolution of 
the sample. 
4 
3 ENDOTHERM 
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RATE 
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TRANSIF:NT 
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lIOO 600 300 400 
TEMPERATURE "C 
Figure 3.11 Profile of thermal analysis data. Source: From Perkin Elmer Instruction 
manual DSC 4 ( 1983). 
Figure 3.12 Photograph of the DSC 4 sample holder. Source: From Perkin Elmer 
Instruction manual DSC 4 ( 1983). 
58 
Chapter 3 Experimental Techniques 
3.3.4 FTIR spectroscopy 
The FTIR instrument model Nicolet 5.5 (Figure 3.13) was utilised to collect IR spectra 
of the investigated polymer electrolyte systems for this work. Films of electrolytes were 
cast from tetrahydrofuran solution containing the polymer and the electrolyte species on 
a KBr crystal. FTIR experiments were performed in the wavelength ranges 4000 cm- l to 
400 cm- l with resolution of 4 cm- i . 
Electronics 
Detector 
Flxed,Mirror Moving Mirror 
IR Beam.plltter , 
)o,H~)-L-, 
~r--r<~t-tL...:::l, Flcx-ph'Ot 
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Interferometer 
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-' -+------------- --i ~ ir------~-- ----- ---
I r --·--------- --
: Sclcc:tablc External 
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Detector Mirror L..-_ __ ...J 
Mandatory Laser 
Sa/Ify Label 
Figure 3.13 Schematic diagram ofFTIR Michelson Interferometer. 
Source: From Nicolet catalogue model FDXC/5SXC, (1992). 
3.3.5 SEM studies 
Scanning Electron Microscopy (SEM) is one of the useful techniques being used to 
examine the morphology features of polymeric materials. The SEM LEICA S430 model 
was used to obtain the SEM images for the series of blended film samples. The 
principle is well known to give a simulated visual image of a surface with extreme 
magnification of the structures to be investigated. The film samples were bonded to a 
small aluminium stub and sputtered with gold about 10. 0 ~m thickness. 
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Chapter 4 Polymer Electrolyte Based on Thermoplastic Polyurethane (TPU) 
4.1 Introduction 
The right choice of components that are compatible with each other in the electrolyte 
material, will contribute to the successful formation of polymer electrolyte system. In 
the early part of this Chapter in section 4.1 will be also described preliminary studies of 
salt-doped and undoped mixed solvents of ethylene carbonate (EC) and propylene 
carbonate (PC). The electrochemically active species or material to be absorbed by the 
polymer support structure such as above was selected. The detailed background of these 
electrolyte species was described in Chapter 1 and 2. A lithium salt with a large anion 
was chosen to maximise the solubility and dissociated ion concentration. Lithium 
trifluoromethanesulfonate (LiCF3S03) was the candidate from the number of ionic salts 
being used because of their extensive charge delocalisation and low lattice energy 
(Gray, 1991; Lipkowski and Ross, 1994; Radhaksishna and Arof, 1998). The activities 
are mainly focused on the optimisation of ionic conductivities with selected 
composition ratio of the system. The optimised ratio of ECIPC obtained was 
implemented in the series of this Chapter (thermoplastic polyurethane based electrolyte 
system) and the following Chapter 5 and Chapter 6. 
The most preferred polymer host to solvate lithium cation is highly amorphous polymer 
containing coordinating site with much lower tendency to crystallization as well as low 
glass transition temperature .. In order to achieve the above criterion much effort has 
been done to obtain copolymer support structure to facilitate the transport of ions in 
highly amorphous phase environment couple with increase local segmental motion for 
high ionic conductivity at ambient temperature. Several types of copolymers such as 
PVDFIHFP copolymer, ethylene oxide-epichlorohydrin copolymers, exothy-
propoxypolyether co-polymer and linear phosphate random copolymer were employed 
to produce high ionic conductivity polymer electrolyte systems (Sung, Wang and Wan, 
1998; Gazotti, Spinace, Girotto and De Paoli, 2000; and Kim, Oh and Choi, 1999). 
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In parallel to the above described approach the thermoplastic polyester/urethane 
segmented block copolymer material was utilised for this work. The polymeric material 
under trade name abbreviated as Desmopan385 was supplied as a gift sample by the 
ALBIS Company, u.K. 
The integral part of this chapter described investigation on non-plasticised and 
plasticised polyurethane based solvent cast· films containing lithium triflate salt. The 
former one involved addition of lithium triflate salt of different concentration into the 
polymer system. The latter one was incorporating different percentage of mixed ECIPC 
into the TPUlLiCF3S03. The effect of mixture compositions on the properties of the 
TPU electrolyte films was determined. Impedance spectroscopy, thermal analysis, FTIR 
studies were performed on the samples. 
The term 'polyurethane' refers to materials that contain urethane group (-NHCQO-) in 
the backbone of macromolecule. For such materials the initial macromolecule tends to 
be a polyester or polyether; it is the crosslinks that involve the formation of a 
polyurethane structure (Nicholson, 1991). The reaction involved in the formation of the 
polyurethane is the reaction of an isocyanate with hydroxy-group. The reaction equation 
is depicted as follows: 
-N===C==O + HO- - ..... -NHCOQ-
The prepolymers most frequently used for the preparation of polyurethanes are either 
polyester or polyethers. In this section of the experimental work polyurethane polyester 
elastomer has been employed as a polymer matrix for the preparation of plasticised 
polymer electrolytes. This thermoplastic material consists of block copolymer of hard 
and soft segments with urethane linkages on a polymer chain backbone. The structural 
formula is given below: 
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hard segment 
The alternate molecular chain segments of this polymer matrix give the physical 
advantage of both elastomeric and thermoplastic behaviour in respect to temperature. 
Furthermore, characterisation of the physical properties of· non-plasticised and 
plasticised polymer electrolyte systems was conducted at ambient temperature. From a 
practical viewpoint, it is preferred that polymer electrolyte systems attain high ionic 
conduction and are easy to handle. The experiments are mainly focused on the 
optimisation of ionic conductivities and thermal properties of the polymer electrolyte 
systems. The physical features of the thermoplastic polyurethane and modified natural 
rubber (Chapter 5 and 6) are that they are both amorphous and have similar transition 
glass temperatures that are below ambient temperature. 
4.1.1 Liquid Electrolyte system 
The choice of solvents is initially based on the conductivity of their salt solutions. There 
are several organic solvents such as THF; EC, PC or their mixtures that can dissolve 
lithium salt and being used as electrolytes. They have been proven to be among the 
most efficient in terms of battery cyclability (Aurbach, Gofer, Ben-Zion, and Aped. 
1992). In response to the above consideration partly related to this thesis topic. 
preliminary studies· on pure and salt-containing liquid solvent were conducted. The 
ionic conductivity measurements and thermal analysis were performed on various ratios 
ECIPC and ECIPC/ LiCF3S03 system. Data have been collected and presented in Table 
4.1. 
62 
Chapter 4 Polymer electrolytes based on thermoplastic polyurethane (TPU) 
~ 
.~ 
1) 
:l 
"t) 
c:: 
Table 4.1 Properties of ECIPC and ECIPCILiCF3S03 systems. 
Sample no. EC PC LiCF3S03 Conductivity/S cm-1 
S1 100 4.51X10-8 
S2 75 25 6. 13X10-8 
S3 50 50 7.7X10"" 
54 25 75 5.86X10-8 
S5 100 4.73X10"" 
S6 100 7 1.47X10~ 
S7 75 25 7 1.67X10~ 
S8 50 50 7 1.92X10·;' 
S9 25 75 7 1.39X10~ 
S10 - 100 7 1.25X10"" 
(S 1-S5), (S6-S 10), refer to ECIPC and ECIPCIL.CF 3S03 respectively 
ECIPC (ratio: w/w ) 
LiCF 3S03 (w/v %) 
-27 -5a; 
• 
-51 
• -275 ~-515 
:.0:; 
-28 g-52 
U 
8 -2ffi S-52) u 
~ ~ -53 
.29 
-5:1; 
-2g;o -54 
3) 4) m 8) 
!il 100 100 
%~ ~ 
(a) (b) 
Figure 4.1 EC concentration dependence of conductivity plots for (a) ECIPClLiCF]SO] 
(b) ECIPC system. 
63 
Chapter 4 Polymer electrolytes based on thermoplastic polyurethane (TPU) 
The ionic conductivities of salt-doped mixed ECIPC (Figure 4.1 a) show higher values 
than undoped one by almost two folds order in magnitude. The ionic conductivities of 
salt-doped ECIPC systems are 10-3 S cm-I where as unsalted ECIPC (Figure 4.1 b) in the 
range 10-6 Scm-I. The values obtained for salt-doped ECIPC mixtures appeared to be 
consistent with other investigations (Li and Balbuena, 1999). The highest ionic 
conductivity among the ECIPC ratios is 50150. A number of studies have also been 
reported dealing with lithium-cation solvent interactions in mixed solvent ethylene 
carbonate (EC) and propylene carbonate (PC). This experimental work was carried out 
to select an appropriate ratio of ECIPC that yields maximum ionic conductivity. 
The optimised ratio of ECIPCmixture was then implemented in· the series of polymer 
gel electrolyte systems using polyurethane and modified natural rubber host-polymers. 
Some data of DSC traces on ECIPC and ECIPCILiCF3S03 systems are summarised in 
Table 4.1. DSC data for mixed plasticiser ECIPC and ECIPClLiCF3S0] systems show 
that transition glass temperature, T g, is below ambient temperature. It was observed that 
the PC rich-electrolyte exhibits the lowest Tg (see S9 and SIO) but only with present of 
salt (compare with S4 and S5). The data suggest that interaction of PC with LiCF3S03 
(solute-solvent) has resulted distribution of free ions, ion-pairs and aggregates, affecting 
the T g value. 
4.2 TPU polymer electrolyte systems 
4.2.1 Ionic conductivity measurements 
All the thermoplastic polyurethane (TPU}-LiCF]SO] polymer electrolyte systems were 
prepared by· the solution casting technique. The films· showed a transparent rubbery 
appearance. Table 4.2 summarizes results of ionic conductivity and DSC measurements 
for the systems. 
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Table 4.2: Summary data of conductivities forPUILiCF3S03system 
Sample No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
PU (w/v) 
-4 
-4.5 
-5 
f -5.5 
g -0 
"0 8 -0.5 
~ -7 
-7.5 
-8 
4 
4 
4 
4 
4 
4 
4 
4 
4 
LiCF3SOJ (w/w) Conductivity 
(S em-I) 
-
9 x 10-" 
15 8.3 x 10-' 
20 5.87 X 10-0 
30 1.23 x 10-' 
40 1.06 x 10-' 
50 5.72 x 10-' 
60 4.95 x 10-' 
70 2.82 x 10-' 
100 2.74 x 10-' 
-8.5+---~--'----r--~--~---' 
o 20 40 60 80 100 120 
Lithium triflate (w Iw %) 
Figure 4.2 Conductivity isotherms plotted venus salt concentntioD for LiCF 3SOJ 
inTPU 
Figure 4.2 illustrates the trend of ionic conductivity, 0, for the TPU-LiCF3S03 system 
against different salt· concentration. It can be seen that the ionic conductivity increases 
with increase in salt concentration over the maximum concentration between 50 to 60 
w/w %. This finding is in agreement with other studies of TPUlLiCIO systems by Ferry 
et ai, (1995). They have reported ionic conductivity value of - IxlO-9 S em-I at room 
temperature whereas TPU investigated for this work obtained ionic conductivity value 
10-5 Scm-I, 
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However, in this experimental work it was found that film sample containing 50 w/w 
per cent salt showed the highest ionic conductivity value of 5.72 x 10"5 Scm") (see 
Figure 4.2) at room temperature. The TPU copolymer has shown capability to solvate 
excessive salt with radical increase of ionic conductivity at ambient temperature. 
Although high salt concentration in host polymer would impede ion transport resulting 
in significant decrease of conductivity but for this work quite the opposite effect. This 
could be explained by alternate soft and hard segmented phases contained in TPU series 
salt systems. The high molecular weight of TPU with unknown structural features of 
hard and soft-segmented unit at present investigation can solvate a greater amount of 
salt. Other investigators (Fuller, Breda and Carlin, 1997) have also reported rubbery gel 
ionic liquid and poly (vinylidene fluoride)-hexatluoropropylene [pVdF (HFP)] system 
containing salt concentration more than 100 w/w percent· of the PVdF present. 
4.2.2 Differential Scanning Calorimetry 
DSC was utilized to examine the effect of LiCF3S03 on the phase transition of soft and 
hard segmented morphology of TPU understudied. The results presented in Table 4.3, 
have shown an increase ,in the T g values, in the system as a function of salt 
concentration. 
Table 4.3: Summary of tbermal data for TPUILiCF3S03 system 
SampleNo. PU (w/v) LiCF3S~ (w/w) T./uC 
1. 4 - -43 
2. 4 15 -39 
3. 4 20 -33 
4. 4 30 -36 
5. 4 40 -31 
6. 4 50 -24 
7. 4 60 -22 
8. 4 70 -22 
9. 4 100 -21 
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Figure 4.3 DSC traces of TPU doped with LiCF3S03 concentration of (a) 0%; (b) 
15%; (c) 20%; (d) 30010; (e) 40%. (Refer to Appendix D) 
DSC traces of the TPU electrolyte system contammg different concentration of 
LiCF3S03 are shown in Figure 4.3 and Figure 4.4. The effect of LiCF3S~ added into 
the system has increased the ionic conductivity as well as glass transition 
temperature, T g. 
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The trend shows that the ionic conductivity reached maximum value at 50 w/w salt 
concentration and T g is tending towards a plateau. From the result might suggests that 
interaction has occurred between the TPU segregated phases and lithium salt. 
The repeat unit of TPU chemical structure has not known at present time of 
investigation. The finding shows that TPU polymer matrix be able to uptake high 
concentration of lithium salt, which is contrary to polyether based system electrolyte. 
All DSC traces of the film samples display a single glass transition temperature and first 
order transition is not apparent. The glass transition temperature, T g. value of pure TPU 
obtained at - 43° C has increased dramatically to _22° C upon addition of 60 wt.% 
lithium salt. Ferry and co-workers (1996) also reported increase in the Tg values as a 
function of salt concentration. The T g of pure TPU is - 44°C has increased to -12°C 
upon addition of 2.0 mmol lithium perchlorate, LiCI04, for one gram of TPu. TPU 
examined in the investigation was Estane 5714, B. F. Goodrich Company whereas for 
this work using TPU labelled with Desmopan 385 was supplied by ALBIS Company, 
U.K. 
This finding is also consistent with other polymer electrolyte system reported by Gazotti 
and co workers (2000). They have investigated polymer electrolyte based on ethylene 
oxide-epichlorohydrin copolymers. The T g values of the copolymers increased linearly 
with LiCI04 concentration. 
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Figure 4.4 DSC traces of TPU doped with LiCF3S03 concentration of (a) 50%; (b) 
60%; (c) 70%; and (d) 100% respectively. 
The relationship between ionic conductivity and T g values of TPU/ LiCF3S<>J against 
salt concentration is shown in Figure 4.5. The trend shows that addition of salt has 
increased transition glass temperature and ionic conductivity until at 60 wt. % of 
concentration. The ionic conductivity reduced and stabilized upon further addition of 
salt greater than 60 wt. %. 
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LieF lSOJ polymer electrolyte systems. 
4.2.3 Infrared Spectroscopy 
Fourier transform infrared spectroscopy (FTIR) is one of the significant tools for 
monitoring the interaction of Li+ cation and anion within the polymer electrolyte system 
environment. In the context of plasticised and doped TPU polymer electrolyte material, 
the lithium ion might, in principle, choose to coordinate with the anion, plasticiser, or 
the segregated phase TPU polymer chain. Each of these coordination types represented 
by the spectral band intensities of different strength depends on different amount of the 
various species present in the electrolyte system. Certain bands resulting from specific 
vibrations of each of the potentially coordinating species have been observed to split or 
shift to different frequencies on cation coordination. 
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The IR spectra of pure TPU and its LiCF3S03 complexes of different concentration are 
shown in Figure 4.6. The samples were scanned in the absorption mode 4000-500 cm-I 
at a resolution 4 em-I. 
-- (a) TPU control 
- (b) TPU + LiCF,SO, (30%) 
1.0 - (e) TPU + LiCF,SO, (60%) 
0.8 
0.6 
8 
c:: 
'" of 
~ ~ OA 
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Figure 4.6 IR spectra of solvent cast film for TPU/ LiCF3S03 electrolytes. (a) pure 
TPU (b) TPU ILiCF3S03(30 wt %) (c) TPUILiCF3S03 (60wt %). 
71 
Chapter 4 Polymer electrolytes based on thermoplastic polyurethane (TPU) 
The IR spectra of the TPU/ LiCF3S03 electrolytes show almost resemblance to the 
spectra of pure TPU itself, as illustrated in Figure 4.6. In the present investigation, 
there are not many differences observed among the samples in the hydrogen-bonded N-
H stretching mode vibration in the region 3600 to 3100 cm-I (Coleman, Skrovanek, 
Howe and Painter, 1986). It is seen a faint increased in the band intensities. However, it 
can be seen clearly the effect of introducing lithium salt and increased its concentration 
in the region 2000 to 500 cm-I . The band intensities of TPU/ LiCF3S03 complexes 
increase with increasing salt concentration. It also noted the band at -1312 cm-1 for pure 
TPU disappeared when the salt was introduced into system as indicated by dotted line to 
the broad features in the IR spectra of TPU/ LiCF3S03 electrolytes. This might caused 
by triflate ion vibration between 1250 and 1300 cm-I (Wiezorek and Steven, 1997~ 
MacFarlane, Meakin, Bishop, McNaugton, Rosalie and Forsyth, 1995). The addition of 
salt also presents the emergence of new bands at 1039 and 650 cm- l (dotted line) from 
the region for TPU/ LiCF3S03 electrolyte, which is absent in pure TPu. In the 
symmetric S03 stretch region (-1030-1040 cm-I ) 
It is believed that the addition of salt results in the formation of complex between 
Lt cation, with either the C-O-C of the hard or soft-segmented phases of TPu. Figure 
4.7 illustrates the effect of added salt on the characteristic modes of carbonyl region at 
1732 cm-I band increases with increasing salt concentration. This is related to the works 
but using different approach on TPU-LiCI04 (Ferry, Jacobsson, Heumen and Steven, 
1996) and TPU/ LiCF3S03 (Heuman and Stevens, 1995). 
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4.3 Plasticized Thermoplastic Polyurethane based electrolytes 
By definition of gel electrolyte system consists of a polymer mixed with a lithium salt 
and a plasticiser. The plasticiser, being an organic solvent capable to dissolve the salt, 
maintains a liquid-like state within the material. Concurrently, the polymer gives the gel 
mechanical strength approaching that of a solid. This section will describe using this 
technique for preparing plasticised polymer electrolyte employing polyester-
polyurethane copolymer. Increased ionic conductivities have been observed at ambient 
temperature in plasticised or gel polymer electrolytes compared with previous solid 
polymer electrolyte systems. The incorporation of plasticising solvents has almost 
doubled the ionic conductivity. Figure.4.8 illustrates the plots of conductivity for 
plasticised TPUs systems as a function ofECIPC ratios. 
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The optimum ionic conductivity value of 8.0xlO-3 S cm-lwas obtained at ambient 
temperature. It indicates that the mixtures of plasticiser at 50/50 ratios have influenced 
the conductivity of the systems. The maximum conductivity of ECIPC ratio was 
determined in the preliminary investigation of ECIPC-lithium triflate liquid electrolytes. 
Scheme A illustrates the formation of the PU based plasticized electrolyte films. It is 
believed that the Li salt-solvate I is formed when the Li salt dissolved in the ECIPC. 
The solvent mixture is immobilized in the PU polymer host by electrostatic forces 
between the solvate and the polymer as shown in II 
LiX + ECIPC -+Lt[ (PC)x(EC}Ylx 
I 
PU. -+NHCpO~ 
Scheme A 
Lt[ (PC)x(EC}Y]x 
II 
The results can be compared with a different approach using LiBF 4 doped TPU s 
plasticised with propylene carbonate (PC) (Venugopal et ai, 1996). Also Venugopal et 
al has patented his work using TPU (Texin 285) based plasticised polymer electrolytes. 
It was revealed that ionic conductivity of the film was approximately 1.4xl0-4 Scm-l. 
Table 4.4 Compositions of TPU based electrolytes with and without plasticisen. 
Composition Conduetivity (S em-I) T.,rC 
TPU 9 x 10-" -42 
PU (5%)1 LiCF3~ (60 %) 6x 10'" 
-22 
PUI Ee (20 %) I PC (20 %) I LiCF3~ (60 %) 1 x 10-;' 
-66 
PUI Ee (30 %) I PC (30 %) I LiCF3~ (60 %) 2 x 10--' 
-72 
PUI Ee (40 %) I PC (40 %) I LiCF3~ (60 %) 5 x 10-.1 
-81 
PUI EC (SO %) I PC (SO %) I LiCF3~ (60%) 8 x 10-.1 
-68 
PUI Ee (70 %) I PC (70 %) I LiCF3~ (60 %) 2 x 10--' -79 
74 
Chapter 4 
-1.5 
-2.0 
-2.5 
i -3.0 
u 
'" 
-3.5 
"C 
c: 
0 
u 
0) -4.0 
0 
...J 
-4.5 
-5.0 
-5.5 
0 
Polymer electrolytes based on thermoplastic polyurethane (TPU) 
20 40 
%ECJPC 
60 80 
Figure 4.8 Conductivity as a function of EC/PC ratio for plasticised TPU system. 
4.3.1 DSC measurement 
DSC was utilised to examine the effect of lithium triflate doped TPU containing ECIPC 
on the morphologically based thermal transition_ Table.4.4 shows the variation of 
transition glass temperatures of the TPU polymer electrolyte system as a function of 
ECIPC ratio composition_ 
Basically, the copolymer TPU consists of segregated soft and hard phase segments 
alternately in the main backbone. Figure 4.9 shows the DSC traces of the phase 
segregated morphology of the plasticised TPU/ LiCF3S~ electrolytes compared with 
TPUlLiCF3S~ (blue line) film sample. The transition glass temperature of the 
plasticised TPU polymer electrolytes has very much been reduced by the addition of 
ECIPC mixtures. From Table 4.4 shows that the TPU system containing ECIPC ratio 
40/40 displayed the lowest Tg at -81°C, where as the Tg of pure TPU is - 42°C. It is 
assumed that the plasticising solvents might interact effectively with the soft or hard 
phase segment of the TPU, which reduced the Tg value dramatically. 
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4.3.1.1 Correlation between ionic conductivity, T., and plasticiser ECIPC 
Figure 4.10 indicates the trend variation of ionic conductivity and glass transition 
temperature with total percentage of ECIPC at ambient temperature. As mentioned in 
the literature, studied by many researchers (Reddy, Sreekanth, and Rao, 1999; Andrieu, 
Vivedo and Fringant, 1995; Walker and Salomon, 1993) the effect of addition of 
plasticiser to modulate ionic conductivity and markedly reduces, T g, of the polymer. 
The dramatic reduction of T g in TPU/ LiCF3S~CIPC electrolyte sample occurred at 
the change of total percentage ECIPC from 0 to 40 % follow up with an increment of 
ionic conductivity. This is in agreement with the role of plasticiser in the early part of 
this chapter in section 4.1 to improve the brittleness of the polymer and ease of 
transient crosslink for the non-plasticised TPU/ LiCF3S03 system. The details of some 
of the electrolytes are presented in Table 4.5 along with the present data. 
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Table 4.5 Effect of the addition of plasticiser to polymer electrolytes. 
Polymer Electrolyte 
macromonomer 
LiCI04+PC 
PEO+LiCF 3S03 
EC/PC 
TPU+ 
LiCF3S03+EC/PC 
Remarks Reference 
Adding PC as plasticiser to the (Kono, Hayashi and 
macromonomer + LiCI04 complex Watanabe 1999) 
yielded an ionic conductivity of 3xlO-3 
S cm- l , which is two orders of 
magnitude higher than that found for 
trifunctional macromonomer + LiCI04 
electrolyte. 
By adding ECIPC as plasticiser to the (Bandara, Dissanayake 
LiCF3S03 polymer electrolyte complex and Meliander, 1998) 
the ionic conductivity was increased 
two orders of magnitude when 
compared with PEO+LiCF3S03 
electrolyte 
By adding EC/PC as plasticiser to the This work 
TPU+ LiCF3S03 polymer electrolyte, the 
ionic conductivity was increased 3 orders of 
msgnitude when compared with TPU+ 
LiCF 3S03 electrolyte system. 
4.3.2 Mechanical properties 
4.3.2.1 TensHe measurement 
Stress-strain measurements were performed to characterise the mechanical properties 
of the TPU polymer electrolytes. The stress-strain, tensile strength, and elongation at 
break measurements were determined by using an Instron machine series Xl. Table 4.6 
shows the tensile properties of some polyurethane-based electrolytes. The elastic 
modulus falls with increasing plasticiser content, but remains sufficient for the 
materials to be characterized as soft elastomer (see Fig. 4.11). The figures indicate that 
at 20 weight percent of ECIPC content has a minimum strain value at 1100 % 
elongation. 
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Table 4.6 Summary of tensile test of polyurethane based electrolytes 
Composition Tensile stress Elongation at Modulus 
(MPa) Break (0/0) (MPa) 
TPU 61 751 14 
TPU LiCF3S03 (60%)/ 24 1005 4 
TPU ILiCF3S03 (60%) IEC+PC (40%) 9 1114 2.0 
TPU ILiCF3S03 (60%) IEC+PC (60%) 10 1364 1.1 
TPU ILiCF3S03 (60%) IEC+PC (80%) 8 1498 0.6 
TPU ILiCF3S03 (60%) IEC+PC (100%) 6 1299 0.8 
TPU ILiCF3S03 (60%) IEC+PC (120%) 5 1289 1.5 
Figure 4.11 shows the change in tensile strength as a function of ECIPC for the 
plasticised TPU systems. The tensile strength decreased with increasing plasticiser 
content. It was observed that the plasticiser has weakened the polymer chain. The 
tensile stress showed a minimum value at 70 percent ECIPC. Fig 4.11 shows the steep 
increase of elongation as the percentage of ECIPC increases. This trend is attributed to 
the breakdown of the polymer gel network, which is non-recoverable. It also suggests 
that the plasticiser has diluted the crosslinking effect of the salt content in the system. 
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Figure 4.11 Effect of plasticiser on tensUe strength, elongation and elastic modulus 
ofTPU 
There is little published data on the mechanical properties of gel electrolytes. It was 
reviewed from article that for PVDF-HFP gel electrolytes, a polymer host with >60- wt 
% plasticiser exhibited no gel property but formed a liquid electrolyte (Tarascon, 
Gozdz, Schmutz, Shokoohi, and Warren, 1996). However another research group 
(Jiang, Carroll and Abraham, 1997) claimed that PVDF-HF'P gel electrolyte containing 
80-wt. % liquid electrolyte had l.4MPa tensile strength and 1700/0 elongation at break, 
while keeping ionic conductivity of ImS cm-t . Ballard et al (1990) have studied that a 
plasticised polymer electrolyte had 13MPa tensile strength but contained only 30-wt.% 
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plasticiser. Other material using PAN-based gel electrolytes, Tatsuma et at (1997) 
indicate that the film showed good mechanical properties even when the liquid 
electrolyte content was higher than 90%, but the numerical value for the mechanical 
strength was not clear. 
4.3.3 Infrared Spectroscopy 
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Figure 4.12 m spectra of plasticised thermoplastic polyurethane based electrolytes 
81 
Cbapter4 Polymer electrolytes based on thermoplastic polyurethane (TPU) 
Figure 4.12 shows a stacked IR plot of TPU/ LiCF3S03 and the plasticised electrolytes 
in the region 2000 to 500 cm-I . It can be seen that there are several new peaks emerging 
from the region for the TPU/ LiCF3S03 and plasticised TPU/ LiCF3S03 electrolytes 
compared to pure TPU respectively. 
The emerging peak occurred at 640, 740 and 1039 for both electrolytes but additional 
peaks appeared at 740, 995 and 1806 for the plasticised one. The results indicate that the 
samples of pure TPU and plasticised TPU without salt exhibit almost similar IR spectra. 
However, by introducing salt couple with higher percentage of plasticiser into the 
systems have resulted their frequencies for cation coordination. The evidence in Figure 
4.12 shows IR spectra of plasticised band at 1732 cm-I for carbonyl group has increased 
intensities compared with non plasticised samples. It was believed that the Li cation 
might free to coordinate with carbonyl of polymer chain or plasticiser encapsulated in 
the TPU matrix. The finding in agreement with a dramatic increased of ionic 
conductivity and reduced glass transition temperature for thermal analysis. 
4.4 Conclusion 
The studies on thermoplastic polyester-polyurethane (TPU) abbreviated as 
Desmopan 385 doped with lithium salt for the formation of polymer electrolytes by 
solvent cast technique was attempted. The addition of electrolyte species into the 
polymer systems has produced significant effect on their physical properties. Prior to 
the successful polymer electrolyte films, the selection of electrolyte components has 
been optimised for the entire experimental series. Thus, lithium 
triflruomethanesulfonate was solely utilised as charge carrier for this work whereas 
plasticiser of EC/PC mixed solvent as additive introduced to the understudied systems. 
By systematic increment the percentage amount of lithium salt component has increased 
the glass transition temperature values determined by DSC. It was found that the glass 
transition temperature of pure TPU at -43° C has increased to - 25°C when it was added 
to maximum 100 w/w per cent salt concentration. 
82 
Cbapter4 Polymer electrolytes based on thermoplastic polyurethane (TPU) 
The ionic conductivity was measured by AC impedance technique for different level of 
ionic salt containing polymer electrolyte systems. As the ionic conductivity trend 
behaviour is increased and then decline to plateau after reaching maximum, T g can be 
seen to increase. The results of ionic conductivity measurements indicate that the 
systems investigated for TPU doped with lithium triflate attained optimum conductivity 
10-s Scm-I at ambient temperature. Ionic conductivity value of TPU studied was 
compared with other commercial Estane TPU lLiCI04 electrolye system, which 
produced ionic conductivity 10-9 S cm-1 at room temperature (Ferry et ai, 1996). 
The addition of a plasticiser (mixed ECIPC) to the TPUILiCF3S03 electrolyte modifies 
the conductivity and physical properties significantly. The plasticiser has the effect of 
reduction in cohesive forces between polymer chains and increases the segmental 
mobility, which promote conductivity. The plasticiser itself assists the dissociation of 
electrolyte species within the polymer electrolyte. The findings have shown a marked 
increase in conductivity but there was a slight increase in the tackiness of the film along 
with some loss mechanical strength. From the results obtained, optimised composition 
was able to achieve ionic conductivity of 10-3 Scm-I. The results can be compared with 
different approach using LiBF4 doped TPU (Texin 285) plasticised with propylene 
carbonate patented by Venugopal et al (1996). It was revealed that ionic conductivity of 
the film containing 80 w/w % of the liquid electrolyte (propylene carbonate! LiBF 4) was 
approximately 1.4 x 10-3 Scm-I. 
Thermal data have shown that immobilising of plasticiser into the polymer system 
reduced the Tg values. The reduction in T g has caused an increase in segmental motion 
of polymer chain; which modulate ionic conductivity. The Tg value for plasticised TPU 
obtained is - 79°C compared to pure TPU - 43°C. The great changes observed on the Tg 
values indicate that interaction between polymer and lithium salt has taken place both 
for non-plasticised and plasticised system. DSC and FTIR studies suggest that Li cation 
might be complexed with TPD. In this work was also found that with increasing 
concentration of plasticiser has affected the mechanical properties. Tensile strength of 
the materials decrease. while the elongation increased. 
83 
ChapterS Polymer electrolyte based on modified natural rubber 
Chapter 5: Polymer Eledrolyte based on Modified Natural Rubber 
5.1 Introduction 
This chapter discusses a novel modified natural rubber as an alternative to conventional 
PEO to act as polymer host for lithium ion conducting polymer electrolyte system. A 
series of rubbery films containing lithium triflate salt with and without plasticisers were 
produced and their physical properties were characterised. The beginning of this 
Chapter will describe briefly the background of the modified natural rubber and an 
insight view of its synthesis. The feature of its chemical structure and soft-elastomeric 
phases at room temperature are significant criteria for its choice as a polymer 
electrolyte. 
Elastomers (or rubbers) are polymers, which are substantially amorphous in nature and 
consist of long flexible, mobile, entangled molecular chains. They are always used at 
temperatures higher than their glass transition temperature (T g) and are generally 
characterised by a low modulus. Elastomers are, under normal circumstances, always 
used in crosslinked state. Some elastomers are capable of crystallising in the 
uncompounded state and have high physical property values. 
Modified natural rubber elastomers have been investigated as matrices of ionic 
conductors for use in lithium batteries. Diversification of the traditional uses of natural 
rubber (NR) can be achieved by changing the properties of the base polymer through 
chemical modification. There appears to be no data in the literature for the use of polar 
modified natural rubber based polymer electrolytes in lithium battery applications. To 
date this material has not been explored as a potential candidate for polymer electrolytes 
in electrochemical device applications. Modified natural rubber has desirable properties 
suitable for making polymer electrolytes. These include low glass transition 
temperature,Tg, soft elastomer characteristics at room temperature and good elasticity. 
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Suitable elasticity can result in flat, thin and flexible paper-like batteries and 
electrochromic displays. It also gives excellent contact between the electrolytic layer 
and electrode. In other words, if an elastomer can act as polymeric 'solvent', a higher 
conductivity is expected compared with crystalline polymers. 
Two suitably modified natural rubbers have been considered in this study and are 
briefly described as follows. They are poly(methyl methacrylate) grafted natural rubber 
(denoted Heveaplus MG-NR) and epoxidised natural rubbers (denoted ENR). 
S.l Poly (Methyl Methacrylate)-Grarted Natural Rubber (MG-49) 
MG 49 is a graft copolymer containing 49 % by weight polymethyl methacrylate 
(PMMA) grafted onto polyisoprene. The composition consists of 80% graft copolymer, 
10010 polymethyl methacrylate and 10% polyisoprene. The graft copolymer contains 
about one or two PMMA chains grafted onto each polyisoprene (rubber) molecule. It 
was reported from research (Allen, Ayrey, and Moore, 1959; Subramanium, 1988; 
Cere~ 1973) indicates that two mechanisms of grafting can occur: 
(1) By abstraction of allylic hydrogen atoms to give a polyisoprene radical which 
initiates methyl methacrylate polymerisation (see reaction S.l) to give structure 
1 as below; 
(2) By addition of initiator radical (R) to the double bond to give a polyisoprene 
radical, which initiates methyl methacrylate polymerisation (see reaction 5.2) to 
give structure IT as below; 
The structure IT product is likely to predominate (Figure 5.1). 
iH3 
~H2---C==CH--C~ + R 
Reaction S.l 
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CH3 
I 
----cH2--C==CH-C~ + R 
Reaction 5.2 
R = CJIs and CJIsCOO 
Polyisoprene 
C H 3 H C H.3 H CH 3 H 
,,-/ '/ ,_/ 
C _C /C =C~ -'- /C -C, L 
-f- C H~ ~ 2 J C H2 _ C t __ \ C H2 C H2 Jy 
\ A C H2 y 
x I I 
C H O-C-C- CH 3 PMMA 
3 ----+--n 
Structure I 
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Structure I I 
Figure 5.1 The chemical structure of polymethylmethacrylate grafted natural rubber 
(abbreviated MG-49) 
5.3 Epoxidised Natural Rubber (ENR) 
Epoxidation represents a particularly attractive and convenient method for 
transforming natural rubber to a new polymer with certain outstanding properties. 
Epoxidised natural rubber (ENR) contains both epoxide and unsaturated sites along the 
rubber main chain (Gao and Burfield, 1989). Epoxidation reactions are stereo-specific 
and thus ENR is a cis 1,4-polyisoprene with epoxide groups randomly situated along the 
polymer backbone. A variety of reaction conditions have been published and the 
products variously described as ranging from hard thermoplastic to soft rubbery 
polymers. Under carefully controlled conditions, NR latex can be epoxidised to over 7S 
mol% without the formation of ring-opened structures. Both preformed peroxyacetic 
acid (Gelling and Smith, 1979~ Gelling, 1985~ British Patent,1982) from hydrogen 
peroxide and formic acid can be employed (reaction 5.3). The latter is the preferred 
route for commercial production, as only hydrogen peroxide is consumed. 
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H 0 + HCOOH ;::::=== ........ ~
2 2 "'" 
~ 
HCOOOH + C==CH 
/ " 
Reaction 5.3 
HCOOOH + H 0 
2 
The in-situ epoxidation of NR employing hydrogen peroxide and formic acid. 
Epoxidation reactions are stereo-specific (Gelling, Tinker and Abdul Rahman, 1991) 
and thus ENR is a cis 1,4-polyisoprene with epoxide groups randomly situated along the 
polymer backbone. Figure 5.2 shows that the natural rubber unit cell of ENR50, has 
four isoprene repeat units, which can accept two epoxide groups whereas ENR25 posses 
one epoxy group in the polymer chain. Thus, there is no regular repeat unit, but random 
distribution of unreacted double bonds and epoxy groups in the ratios 2:2 and 3: 1, 
respectively. As such the average molar masses for four isoprene units (epoxidised or 
unreacted) are 304 and 288 for ENR50 and ENR25, respectively. The presence of 
oxygen atom in the epoxy groups of modified natural rubber may facilitate lithium ion 
conducting properties when it is doped with lithium salt. The chemical features of ENR 
almost resemble PEO, which is known to solvate varieties of alkali metal salts. The 
ionic conduction and thermal behaviour of ENR based electrolyte systems were studied 
via experimental work in the following section. In addition further work on ENR blend 
with PEO was conducted and described in Chapter 6. 
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ENR-25 
ENR-50 
Figure 5.2 Chemical structure of 250/0 and 5O%epoxidised natural rubbers 
5.4 Polymer Electrolyte Based on Modified Natural Rubbers 
Polymer films have been produced from three types of modified natural rubbers by 
casting from solvent-based viscous solutions. They are namely masticated 25% 
epoxidised natural rubber (ENR-25), masticated 50% epoxidised natural rubber (ENR-
50) and, 49 % methyl methacrylate grafted natural rubber (MG-49). Tables 5.1,5.2 and 
5.3 summarise results for different sample compositions. The electrolyte films made 
from modified natural rubbers, which are opaque, self-supporting and exhibit a good 
degree of flexibility were investigated. Summary data of DSC and conductivity 
measurements of various epoxidised and methyl methacrylate grafted polymer 
electrolytes are tabulated in the following tables: 
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Table 5.1 Properties ofENR-25 systems with salts 
Composition Electrical properties Thermal behavior 
Sample ENRISALT OlLi Conductivity (S em-I) Tg~C) 
E2SISIs 10012 27/1 6.9xlO-<> -27 
E2SIS2s 100/5 1111 1.6x 10-:> -40 
E2SIS3s 100/10 511 1.8x 10-:> -32 
E2SIS4s 100/15 411 1.4x 10-:> -30 
E2SISSs 100/20 311 6.2x 10-:> -37 
E2SIS6s 100/60 111 1.8x 10-" -25 
E2SIC 100/0 2.1xlO-r -41 
Table 5.2 Properties ofENR-50 systems with salts 
Composition Electrical properties Thermal behavior 
Sample ENRISALT OlLi Conductivity (S cnfl) TatC) 
ESOI1 10012 51/1 S.Oxl0-o -22 
ESO/2 10015 20/1 2.0xl0-' -22 
ESO/3 100110 1011 1.6x10-' -17 
ESO/4 100115 7/1 1. 9x 1 0-:> -17 
ESOIS 100120 511 2.3xlO-' -13 
ES0/6 100/60 211 1.0xlO-4 -19 
ESO/C 10010 3.1xlO-o -21 
Table 5.3 Properties of MG-49 systems with salts 
Composition Electrical properties Thermal behavior 
Sample MG-49/SALT Conductivity (S em-I) TafC) 
MG-49/S1 100/2 4.0xlO-o ~2 
MG-49/S2 100/5 4.1xl0-o -67 
MG-49/S3 100/10 5.9xl0-o -62 
MG-49/S4 100/15 6.1xl0-o -63 
MG-49/S5 100/20 3.7xl0-' -59 
MG-49/S6 100/60 2.5xl0-' -63 
MG-49/C 100/0 2.8xl0-o -61 
Initially, lithium contents in ENR-25 and ENR-50 based electrolyte systems are 
expressed in term of O/Li ratio. On the other hand for MG-49 based electrolyte systems, 
the contents of lithium are based on weight percent. 
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5.4.1 Ionic conductivity measurements 
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Figure 5.3 Conductivity as a function of salt concentration for modified natural rubber 
based systems 
The variation of the ionic conductivity, log cr, of the modified natural rubber based gels 
prepared is shown in Figure 5.3. It indicates that at a fixed polymer concentration the 
conductivity of the gel is increased as the salt concentration is elevated. The ionic 
conductivities achieved are in the range of 10-6 to 10-4S em-I. 
The ionic conductivity reaches 6.2xlO-5S cm-1 at room temperature when the salt 
content is 20 wt.% and reaches 1.8x10-4 S cm-1 at 60% salt content. It was observed that 
further increase in salt concentration, results in an abrupt increase in conductivity values 
but leading to LiCF3S03 phase separation. The reason for the particular conductivity 
behaviour of highly concentrated ENR-25- LiCF3S03 electrolytes are not fully 
understood at this present time. The ENR-25- LiCF3S03 system containing 20 wt. % of 
salt corresponds to mole ratio O/Li - 3/1 . 
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Among the three types of modified natural rubbers, ENR-25 shows the highest 
conductivity at room temperature. Overall the conductivities of doped modified natural 
rubber based electrolytes have shown higher conductivity than conventional 
polyethylene oxide (PEO) based electrolyte at ambient temperature. In terms of polymer 
molecular structure, ENR-25 and ENR-50 have an active oxygen in the epoxy group 
attached at their main chain. It is assumed that the ENR samples possess an oxygen 
atom similar to the ether group in the PEO polymer structure. It is believed that Li 
cation solvation in ENR occurs due to formation of coordination bond with the oxygen 
of the polar epoxy group ENR. 
In the case of MG-49 rubber, there is a carbonyl group grafted in the main chain of 
natural rubber to interact with the Li cation to form the complex. The formation of the 
complex and ionic conduction mechanism in these systems is not clearly understood at 
this stage. The impedance plots exibited by these gels are shown in Figure 5.4. 
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Figure 5.4 Impedance plots of salt-doped modified natural rubber based gel 
electrolytes (Frequency range: 10 Hz - 65 kHz) 
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5.4.2 Differential Scannning Calorimeter (DSC) 
The presence of more than one phase in the polymer electrolyte system complicates 
analysis of the transport property data. For this reason, it is desirable to investigate the 
thermal properties prior to study. Basically, modified natural rubbers are typically 
amorphous at room temperature and above~ salt solubility limits are calculated in 
analogous polyethylene oxide (PEO) systems. 
For this work, the phase behaviour of polymer-LiCFJSOJ, polymer- LiCFJSOJ-ECIPC 
with OlLi ratios ranging between 5711 and 511 was investigated using differential 
scanning calorimetry (DSC). Films made from modified natural rubbers- LiCFJSOJ 
solutions appeared homogenous and fully amorphous (clear to the eye) at room 
temperature, and no melting transitions were observed between -80 and +30oC. The 
ENR-25, ENR-50 and MG-49 types of modified natural rubbers doped with lithium 
triflate in this study exhibited a single Tg in the DSC experiments. This indicates that no 
microphase separation occurs in this system. 
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Figure 5.5 Glass transition temperature as a function of salt concentration for 
modified natural rubber based systems. 
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Figure 5.6, 5.7 and 5.8 show the variation of glass transition temperature and ionic 
conductivity with the salt concentration for ENR25ILiCF3S03, ENRSO lLiCF3S03 and 
MG-49ILiCF3S03 electrolytes at ambient temperature. The trend of these systems 
indicates that the increased T g provides lower conductivity, which is unusual for this 
case. The radical increase of T g in ENR25! LiCF3S03 occurred at the change of salt 
concentration from 15 wt percent to 20 wt. Per cent, accompanying a reduction of ionic 
conductivity. It is believed that, the incorporated salt dissociates to produce mobile ions 
via solvation of epoxy group in the polymer backbone. 
The ions remain coordinated to the polar polymer, which could be acting as virtual 
transient crosslinks to increase T g values. The excessive addition of salt to the system 
increases its viscosity, however the conductivity has increased steadily despite the 
presence of ion pairs or aggregated ions. 
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Figures 5.9, 5.10 and 5.11 show the trends of glass transition temperature of the 
modified natural rubber based systems as a function of the salt concentration. The traces 
show an increase of glass transition temperature, T g" for the three types of modified 
natural rubber based polymer electrolyte systems. The concentration of salt added to the 
polymer at OlLi ratio ranged from 27/1 to 11 1. for the ENR-25 series (see Table. 5.1). 
The Tg of control ENR-25, is -41oC and that of (ENR-25b(LiCF3 SDJ) is -3'fC. Thus, 
the effect of added salt has increased the T g value. T g is found, in general, to increase 
with increasing salt concentration. 
97 
Chapter 5 Polymer electrolyte based on modified natural rubber 
This indicates that a complex has formed between the rubber polymer and the lithium 
salt. The ionic mobility is closely related to the relaxation modes of the polymer host. 
This can be observed through the increase in Tg of polymeric systems as salt 
concentration is increased. The statement is agreed with the above finding. 
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Figure 5.11 DSC traces ofMG49ILiCF3S03 electrolytes 
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Figure 5.11 shows the DSC traces of MG 49 based polymer electrolytes prepared from 
solvent cast. The glass transition temperatures of the samples calculated from DSC 
traces are from -59°C to -6"fJC. The Tg values are lower in comparison with epoxidised 
natural rubber based polymer electrolytes studied in the preceding section. The addition 
of lithium triflate into the MG rubber polymer system has a little increased on the glass 
transition temperature. In the case of epoxidised based electrolyte system has caused 
slightly higher increased glass transition temperature upon addition of lithium triflate 
salt. This finding almost in agreement with other polymer electrolyte systems reported 
from literature such as PEO based system ( Bandara, Dissanayake and Mellander, 
1998). It reported that T g is about 20°C higher than that of uncomplexed PE~. 
Wieczorek and Steven (1997) have reported that the initial value for the undoped EO-
PO copolymer is -6"fJc has increased to - 56°C after addition ofLiCF3S03. 
5.4.3 Infrared 
Infrared absorption spectroscopy has been very useful in the study of polymer 
electrolytes because it provides indication of cation-anion contact in both crystalline and 
amorphous salt complexes over a wide concentration range. Variation in vibrational 
frequency can provide information about the influence of the environment on the 
molecular ions. In this chapter, infrared vibrational- studies on plasticised and non-
plasticised epoxidized natural rubber doped with lithium salt electrolytes are presented 
in the range of 4000 to 500 cm-t. However, the results are focused on the mid-range 
vibration frequencies from 1600 to 500 cm-t. It is expected to occur for the 
characteristics of lithium cation to complex with oxygen atom of epoxy group natural 
rubber polymer in the vibrational frequencies, 1034.6 cm-t, 1065.7 cm-t and 1096 cm-
tobserved in Raman spectrum (Nakamoto 1997). Other frequencies associated with 
linear structure of ~i ~iO and bending O~iO at 1028.5 em-t and 730 em-t. The IR 
spectra of pure ENR25 and polymer electrolytes based on modified natural rubber 
containing lithium triflate salt (LiCF3SDJ) are shown in Figure 5.12. 
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Figure 5.12 Comparison of the IR spectra of the pure ENR-25 and ENR-
25ILiCF 3S03 electrolytes. 
ENR25 polymer is a polar polymer induced by the epoxy group situated randomly at the 
natural rubber main chain by chemical modification. It is assumed that mobile 
anions/cations from the lithium triflate are responsible for the ionic conduction, and the 
polymer (ENR25) acts as substrate that solvate lithium salt into the polymer framework. 
It is possible that the polymer chains of ENR interacts with the dissociated ions or with 
associated ion pairs in the polymer framework, because the ENR polymer is highly 
polar material. In order to investigate the interaction of lithium salt with ENR polymer 
and the changes of its environment within the system FTIR was utilized. Figure 5.12 
shows the comparison IR spectra of pure ENR25 and LiCF3S03 in the frequency range 
1600 to 600 cm-I . If the Li+ ions of LiCF3S03 were coordinated with epoxide groups 
situated in the natural rubber mainchain, there must be changes in the vibrational 
modes, which involve the epoxide oxygens. It was cited in the literature that a peak at 
1250 cm-l assigned to epoxy whole ring stretching (Decker et al 1995). 
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A band shift from 1250 to 1258 cm- l and increased intensity was observed in the 
ENR25ILiCF3S(h polymer electrolyte. There are two other peaks at 1179 and1032 cm- l 
which could be associated with ion-pair and free ion respectively. They emerge from the 
region with growth intensities. This observation is different from those observed for 
LiCF3S03IPPO systems (Kakihana, Schantz and Torell, 1990), where bands with 
contact ion-pairs (1299 and 1255 cm-l ) were observed. Other band appear which might 
indicate the evidence of lithium triflate solvation in the ENR matrix was observed at 
640 cm-l (lower frequency) for ENR25ILiCF3S03 polymer electrolyte whereas no peak 
present in pure ENR25. This peak is very close to the peak assign for compound 7Li02 
associated with vibrational frequency, vs(LiO) at 698.8 cm-1 (Nakamoto 1997). Other 
bands at 1449, 1377, 871 and 836 do not change for both pure ENR25 and 
ENR25ILiCF3S03 polymer electrolyte system. It is believed that the interaction of 
lithium salt with oxygen of the epoxy group of ENR-25 might occur, which produces a 
series of different IR active bands as its environment changes. 
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electrolyte. 
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Figure 5.13 shows a stack plot of pure ENRSO and ENRSOILiCF3S03 polymer 
electrolytes in the region 1600-600 cm-I. The changes in the IR spectra of undoped 
ENRSO occurred with emergence of new peaks upon addition of lithium salt into the 
polymer matrix. These peaks were observed at 1040 and 642 em-I. These peaks appear 
almost similar position with those collected for ENR251LiCF3S03 in Figure 5.12. The 
peak at 1040 cm-1 most likely assign to monodentate ion pairs (MacFarlane et aI1995). 
The absorption bands collected at 1295, 1257, 1170 and 1040 cm-I could attribute to the 
existence of monodentate ion pairs and free triflate ions. These data are different 
compared to those described for triflate vibrational frequencies (Huang, Frech and 
Wheeler, 1994) and LiCF3S03IPPO systems (Kakihana, Schantz and Torell, 1990). It 
was reported that the bands with contact ion pairs at 1299, 1258, and 1043 em-I and free 
triflate ion at 1272 em-I. 
Other peak at 642 cm-1 was observed in the IR spectra ofLiCF3S03IENRSO system as 
lithium triflate salt was introduced into the polymer matrix. From this information it 
would suggest that higher frequency bands, which assigned to contact ion pairs, were 
observed whereas low frequency associated with free triflate ion was not apparent. The 
free solvated anion may be present but it is difficult to resolve under the broad C-O-C 
band region. It was noted that a split band at 1257 em-I and 1295 em-I appeared in 
ENRSOILiCF3S03 electrolyte but a single band with a shoulder was recorded in the 
previous ENR251LiCF3S03 electrolyte samples (Figure 5.12). 
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Polymethyl methacrylate grafted natural rubber (MG-49) as polymer host and 
incorporated with lithium triflate to produce lithium ion conducting electrolyte films has 
been attempted. Many types of polymer electrolyte system have been investigated using 
PEO based materials but no work reported using polymethyl methacrylate grafted 
natural rubber. FTIR spectroscopy has been carried out at ambient temperature to 
monitor the effect of lithium triflate salt on the phase morphology of the poly(methyl 
methacrylate) grafted natural rubber. In lithium ion conducting polymer electrolytes the 
lithium ion, in principle might coordinate with anion or the polymer chain. Certain 
bands resulting from specific vibrations of each of the potentially coordinating species 
have been observed to split or shift to different frequencies on cation coordination 
(Bakker, Lindgren and Hennansson 1996). 
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Figure 5.14 shows IR spectra of pure MG-49 and MG-49ILiCF3S03 polymer electrolyte 
cast films in the region from 2000 to 500 em-I. From the spectra it can be seen clearly 
that poly(methyl methacrylate) polymer electrolytes containing lithium triflate salt 
differ to pure MG rubber. Several peaks at 642, 1040, 1153 and 1249 cm-I are observed 
for MG-49/ (100/0) LiCF3S03 electrolyte film sample compared to pure MG-49 film. 
The strong peak centred at 1730 cm-I is associated to carbonyl group (C=O) stretching 
mode of PMMA grafted to the natural rubber main chain. Lithium ion from Triflate can 
be solvated by the carbonyl group of PMMA and expecting to change its vibrational 
mode. 
However in this case the carbonyl stretching-mode is less affected. The emergence of 
new peaks eould be attributed to monodentate ion pairs within the polymer electrolyte 
system. It was reported that lithium triflate generate bands of monodentate ion pairs at 
1043, 1257 cm-I and dissociated single band at 1033, 1272 em-I. It is not clearly 
understood at the present stage that the ion-pairs seem to exist in the polymer 
electrolyte. This fact suggests that ion aggregates may reduce the mobility of the 
polymer chain and impeding ionic conductivity. 
5.5 Plasticised modified natural rubber systems 
For the past few years many research groups in various research institutions have 
focused on polymer gel electrolytes to obtain high ionic conductivity at room 
temperature. Thus, various polymer electrolyte systems such as employing network of 
polymers from difunctional macromonomers (Kono, Hayashi and Watanabe, 1999), 
acrylonitrile-methyl methacrylate-styrene terpolymer (Kim, Oh and Choi, 1999) and 
polyethylene diacrylate (pEGDA) (Hikmet and Peeters, 1999). In addition, the systems 
using synthetic rubber blended with other polymer have been explored (Matsumoto, 
Rutt and Nishi, 1995; Ju et a/1998). 
Matsumoto and eo-workers have proposed a new eoncept based on dual-phase polymer 
electrolyte (OPE) usmg poly( acrylonitrile-eo-butadiene )(NBR)/poly( styrene-eo-
butadiene )(SBR) polymer hosts. The systems described that a highly polar polymer 
impregnated with a lithium salt solution form ionic continuous pathways and non-polar 
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polymer produces good mechanical strength. Then, Ju and co-workers extended the 
Matsumoto's concept to a novel dual-phase system prepared from 
poly(epichlorohydrin-co-Oxirane) (ECO), nitrile butadiene rubber (NBR), and lithium 
perchlorate (LiCI04) in propylene carbonate (PC). In this system, the ECO was selected 
as a highly polar matrix. In parallel to the above work, a novel approach using modified 
natural rubber was investigated for this thesis. So far, no other modified natural rubber 
has been used for polymer electrolyte system. 
The masticated rubbers and electrolyte components, such as lithium salt solution in the 
mixtures of ethylene carbonate and propylene carbonate (PC) mixed very well in the 
THF solvent overnight and formed viscous homogenous solutions. The viscous 
homogeneous solutions were cast onto glass ring with Teflon substrate underneath. The 
resultant cast films were slightly sticky and difficult to peel off from the substrate. The 
films bonded strongly to the Teflon substrate. However, they were stripped off when 
cooled to liquid nitrogen temperature. The films were immediately transferred into the 
vacuum oven for further removal of solvent and moisture. From the DSC traces it was 
found that the morphology of the film is not affected by the treatment of liquid nitrogen. 
The ionic conductivity and thermal analysis results as a function of salt concentration 
are given in Tables 5.4, 5.5, and 5.6 respectively. The details of thermal history of these 
films will be discussed in the later part of this section. The strong adhesive property is 
significant for efficient contact with the electrodes in the cell systems. This is one of the 
promising features discovered in this work. 
Table 5.4 Properties ofENR-25 systems with piasticisen 
Composition Electrical properties Thermal behavior 
SamJ!le ENRI SAL TIEC+PC OILi Conductivity (S CDI') T.(,C) 
E25/1p 10015/25 1111 3.7x 10":> -41 
E2S/2p l00151SO 1111 S.lx 10":> 
-42 
E25/3p l00/S/l00 1111 1.8x 10 .... -42 
E2S/4p l00/S1200 1111 2. 9x 10"" -43 
E2S15c 100/5 1111 1.6xl0":> -40 
lOS 
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Table 5.5 Properties of ENR-SO systems with plasticizers 
Composition Electrical properties Thermal behavior 
Sample ENRI SAL TIEC+PC OlLi Conductivity (S em- ) Tl'q 
ESOl1p lOO/S/2S 2011 3.3x10-:' -37 
ESO/2p lOO/S/SO 2011 3.5xI0-~ -37 
ESO/3p lOO/S/IOO 2011 4.0xI0-=> -31 
ESO/4p lOO/S/200 2011 1.3 x1 0-" -35 
ESOISc l00/S/0 2011 2.0xI0-::> -21 
Table 5.6 Properties of MG-49 systems with plasticizers 
Composition Electrical properties Thermal behavior 
Sample MG- Conductivity (S em-I) Tgtq 
49/SALTIEC+PC 
MG-49IPI lOO/S125 6.0xI0-::> -68 
MG-491P2 lOO/SISO 1.8x10'" -67 
MG-491P3 1 OO/S/l 00 3.2xlO-4 -68 
MG-49/P4 100/51200 4.3xIO-4 -64 
MG-4915c 100/5 4.lxlOo() -59 
5.5.1 Conductivity measurement 
Tables 5.4, 5.5 and 5.6 show the results of the modified natural rubber based films 
containing 5 percent lithium triflate salt with various weight percent ratios of ECIPC. 
The average ionic conductivity value of the system was 10-5 S cm-I at ambient 
temperature when plasticiser content is 50 wt. % and reacheslO-4 Scm-I at 100 wt. %. 
Figure 5.15 shows the trend of conductivity behaviour of the system is plotted as a 
function of weight percent of ECIPC. It was observed that the modified natural rubber 
based film has the ability to uptake a high loading of polar low molecular weight 
organic solvent. The polymer electrolyte films with ionic conductivities in the order 10-4 
S em-I still retain their rubbery characteristic in spite of the presence of much absorbed 
electrolyte solution. The typical impedance plots for the modified natural rubber based 
electrolyte films are presented in Figure 5.16. The resistance was measured from the 
high frequency intercept on the real axis. 
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The conductivity of the polymer electrolyte was calculated from the measured 
resistance and the known area and thickness of the polymer film. Similar procedures 
were followed for all other experiments, as shown before in Table 5.1, 5.2, and 5.3 . 
Figure 5.15 Conductivity as a function of EC/PC for modified natural rubber based 
systems 
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Figure 5.16 Impedance plots of plasticised modified natural rubber based gel 
electrolytes. 
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Ionic conductivities of gel electrolytes consisting of different polymer hosts but using 
the same liquid electrolytes have been reported (Bohnke et al 1993; Matsuda et al 
1993). The polymer hosts function as containers of the liquid electrolytes. Elastomeric-
based material using synthetic rubber has also been studied by Matsumoto (1996). It 
was reported that ionic conductivity of 10-3 S cm-1 was obtained by swelling this 
polymer with plasticiser. 
In this present work a different material and approach has been used but the 
conductivity trend mimics the above studied systems. It is suggested that the polarity of 
the both materials is one of the key factors to attain high ionic conductivity. It was 
reported that only polymers possessing high dipole moment are suitable candidates. 
Taking into consideration this fact, modified natural rubbers have fulfilled the above 
criteria in making polymer electrolyte for potential use in lithium batteries. 
Many of the recent works on gel electrolytes have also been reported employing polar 
matrices such as diacrylates, acrylonitrile-methyl methacrylate-styrene terpolymer, and 
so forth (Kono, Hayashi and Watanabe, 1999; Nashiura et a/199S). 
5.5.2 Differential Scanning Calorimetry 
Modified natural rubberILiCF3S03 containing various amount ofECIPC were produced. 
DSC traces for the investigated compositions of the modified natural rubber based 
electrolyte systems are shown in Fig. 5.17, 5 .IS and 5.19. The entire polymer electrolyte 
systems investigated displayed single glass transition temperatures, typical of highly 
plasticised polymers. The overall trend of their transition glass as a function ofECIPC is 
shown in Figure 5.20. It was reported that plasticiser-added (pEO +NaYF4) polymer 
electrolyte system (Reddy, Sreekanth and Subba Rao, 1999), the increase of chain 
flexibility could assist ion transport to raise the ionic conductivity of the plasticised 
polymer electrolytes. It was also observed in the present investigation that plasticised 
modified natural rubber based electrolyte systems with lower T g values showed higher 
conductivity compare with salt-doped system. 
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In the plasticised ENR-25 series the gel systems were prepared at fixed value OlLi = 
1111, with incorporation of various ECIPC ratios has reduced its Tg value to -43°C. For 
the ENR-50 series the plasticised films have been prepared at OlLi ratio (20/1). In the 
case of pure ENR-50 the T g value is -21°C. The addition of 5 wt. % (OlLi = 20/1) 
lithium triflate salt into ENR50 has not change its Tg value (see Table 5.2). However 
increasing the salt content to 20 wt.% (OlLi = 5/1) has increased the Tg value to _13°C. 
In contrast to this, by adding 200 wt.% ECIPC to (ENR-50ho(LiCF3 S03) complex has 
registered T g value - 35°C. The plasticising effect of the solvents has reduced the Tg 
value dramatically. 
However, in the case ofMG-49 series, the gel systems show lower Tg values (see Table 
5.6) compared to epoxidised natural rubber based. The glass transition temperature of 
MG-49 control recorded by DSC is -62°C whereas ENR50 control - 21°C. Addition of 
ECIPC (100 wt.%) into MG-49 containing lithium triflate salt (5 wt.%) has slightly 
lowered its Tg value to - 68°C. The above findings are in agreement with other polymer 
electrolyte systems investigated by several research groups. The effective addition of 
PC to a PAN matrix has reduced its Tg value (Tsutsumi, Matsuo, Onimura, and Oishi, 
1998). 
The initial Tg of pure PAN is 9'fC (Branchup and Immergut, 1975), and that of(PAN)zo 
(LiCI04)(PC) was - 54°C. The effect of plasticiser on the physical Ichemical properties 
of the radiation-polymerised polyether formed by cross-linking a mixture of acrylate 
oligomer and dissolved salt has been investigated (Huq, Koksbang, Tonder and 
Farrington, 1992). The plasticisers used were propylene carbonate, ethylene carbonate 
and a mixture of ethylene carbonate and propylene carbonate. The T g of the complex is 
- 65°C. When 25 wt % PC is added the T g shift to lower value to about - 75°C. 
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Figure 5.20. Glass transition temperature as a function of ECIPC for plasticised 
modified natural rubber systems 
5.5.2.1 Correlation between Tg and conductivitiy 
Basically, plasticised polymer electrolytes are represented as comprorrusmg of three 
components, namely polymer, plasticiser and the lithium salt. In the case of plasticised 
polymer electrolyte syste~ a modest amount of solvent is added to the host polymer in 
order to reduce T g of the system and hence the mobility at a given temperature. By a 
systematic investigation of the changes in the properties of the plasticised films, 
incorporated by variation of electrolyte species and their relative amount, the interaction 
between the components and their ionic transport within the system can be determined. 
The effect of the plasticisers on the polymer mobility and the conductivity also depends 
on the nature of the plasticiser including viscosity, dielectric constant, polymer-
plasticiser interaction,and ion-plasticiser coordination. The effect of the plasticisers on 
the conformation and mobility of the host polymer depends on the plasticiser structure 
and the molecular weight, which influence the degree of mixing and the polymer-
polymer interactions. Ethylene carbonate (Be) is solid at room temperature with a 
molecular weight of 88.05g whereas propylene carbonate is a viscous liquid with a 
molecular weight of 102.09g. 
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In practice, anion solvation usually occurs via hydrogen bonds, but polymers in which a 
fraction of the hydrogen atoms bear a net positive charge, as when attached directly to 
an electronegative element, e.g. in polyalcohols and polyamides, show extensive chain-
to chain interactions. These interactions result in a high cohesive energy, and therefore 
such polymers are quiet unfavourable media for diffusion in the absence of a protic, 
high dielectric constant plasticiser. In comparison with the other plasticisers, the 
dielectric constants ofEC and PC are rather high, with values 95.3 and 64.4 respectively 
at 25°C. By taking into consideration the alternative ionic channels for the migration of 
free lithium ions through the plasticiser, it is possible to explain the improvement of 
conductivity by the addition of plasticisers and salt concentrations (Gray, 1987; 
Cameron, Ingram and Sarmouk, 1990). Lithium ions may prefer to conduct through 
these new channels because the medium is less viscous, thus enhancing the mobility of 
the ions. 
On the other hand, the plasticiser can interrupt polymer-polymer interactions by 
occupying the inter-and intra-chain free volume. The plasticiser structure can influence 
the polymer plasticiser interactions by increasing inter- and intra-chain separation and 
hence the free volume of the system. The decrease in polymer-polymer interactions and 
the increase in polymer-plasticiser interaction in tum influence the glass transition 
temperature behaviour (Forsyth, Meakin, Mac Farlane and Hill, 1995). 
The lowering of Tg values was revealed as a result of incorporating plasticisers or 
solvents into the modified natural rubber matrices. It is believed that the compatibility 
of the rubber and the solvent determines the increase uptake of electrolyte species in the 
composition. Figure 5.21,5.22 and 5.23 indicate that the lower ofTg values provides the 
higher conductivity in the system. The reduction of T g in modified natural rubber based 
electrolyte systems occurred at the change of ECIPC concentration from 0 to 25 wt per 
cent accompanying an increment of conductivity. 
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5.5.3 Infrared Spectroscopy 
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Figure 5.24 Comparison of IR spectra for ENR25 based electrolyte. (a):ENR25 
control (b): ENR25ILiCF3S03 (c) ENR25ILiCF3S0JiECIPC 
The room temperature mid-infrared spectra of ENR25ILiCF3S03, pure ENR25 and 
ENR25ILiCF3S03fECfPC are shown in Figure 5.24a, Fig. 5.24b and Fig. 5.24c 
respectively. The IR bands and their assignments are listed in Table 5.7. A comparison 
shows that the IR spectra of non-plasticised and plasticised ENR25 systems are 
different to that of pure ENR25. Several peaks at 650, 790, 720, 940 and 1800 cm-1 
were observed in the spectrum of plasticised ENR25ILiCF3S03 (Fig. 5.24c) whereas 
unnoticeable peaks apparent in pure ENR 25 (Fig. 5.24b). The spectra region are 
normalised for comparison. The emergences of new peaks are observed by addition of 
electrolyte species into the polymer matrix of ENR25. The peaks might come from 
coordination ofLt with ECfPC- polar ENR25 polymer interaction. 
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The situation is somewhat different in the system ENR25ILiCF3S03IECIPC (Figure 
5.24). Special attention has been paid to spectral region between 600-1000 em-I. 
Interactions between the solvated salt and the ECIPC solvent are expected to be seen in 
the region. This is based on the findings that the addition of lithium triflate in a ECIPC 
solvent results in 'satellite' bands at 650 em-I, 720 em-I, 790 em-I and 940 em-I. is 
illustrated from Figure 5.24 can be seen the increased of peak intensities for the non-
plasticised and plastieised spectra upon addition of salt and plastieiser in the ENR25 
matrix. Strong absorption peaks appear at the region 1300-1000 em-I for both 
plasticised and non-plasticized ENR25 electrolytes but apparently very weak peaks for 
pure ENR25. This indicate that epoxide group gives rise to C-O-C stretching 
absorptions in the range from 1300 to 1000 cm-1(C. Decker, H. L. Xuan and N. T. Viet, 
1995). 
From the collected spectra of plasticised ENR25 sample strongly revealed the 
interaction of lithium cation with oxygen of polar epoxy group attached at natural 
rubber main chain. Addition of lithium triflate has increased the peak intensity 
compared to pure ENR25. This has resulted in strong growth of peaks at 1258 and 1036 
em-I for ENR25ILiCF3S0:VECIPC and ENR251LiCF3S03 electrolyte samples (Figure 
5.24a and 5.24e). All the peaks are normalised for comparison within the region. The 
peak at 650 em-I frequently observed for non plastieised and plasticised modified rubber 
electrolytes from all the spectra collected. This is almost in agreement with the peak 
observed for PEO-NaCF3S03 system (papke et a/1981). The absorption peak observed 
at 1800 em-t, is assigned to carbonyl from plasticiser added ENR25ILiCF3S03 sample 
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Table 5.7 IR bands / cm-1 ofENR25, ENR25ILiCF3S03 and ENR25ILiCF3S0~C/PC 
ENR-25 ENR25ILiCF3S03 ENR25ILiCF3SOJEC/PC Assignment a.O,c,o.e.' 
3500 3500 3500 OH stretching 
2950 2950 2950 CH, CHz, CH3 
Stretching 
1800 Carbonyl 
1450 1451 1451 CH2 asymm. bending 
1377 1377 1377 CH3 defonnation 
1250 1258 1258 dEpoxy: whole ring 
stretching 
1178 1150 fCC stretching, 
f 
1097 COCasymm. a 
1037 1036 1036 V(S03) 
940 v(Coct 
871 dEpoxy: half ring 
837 836 836 stretching 
790 
720 OLiO 
650 650 b'~i_O, 'Li02 
a- MacFarlane, Meakin, Bishop, McNaughton, Rosalie and Forsyth, (1995) 
b- Papke, Ratner and Shriver, (1981) 
c- Nakamoto (1997) 
d- Decker, Xuan and Viet (1995) 
e- Munichandraiah, Sivasankar, Scanlon and Marsh (1997) 
f- Hashrni, Kumar, Maurya and Chandra (1990) 
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Figure 5.25 Comparison of IR spectra for ENR50 based electrolyte. (a): pure 
ENR50; (b): ENRSOILiCF3S03 (c) ENR50ILiCF3SOJlECIPC 
Figure 5.25 shows that the spectra of non-plasticised and plasticised ENR50ILiCFJS03 
polymer electrolytes are almost similar but not identical to plasticised ENR25 based 
systems. ENR50ILiCFJSOJlECIPC presents a number of new peaks in the 600-1000 
cm-) region but no peaks appear for pure ENR50. The assignments of the peaks are 
given in Table 5.7. The satellite peaks at 650 cm-), 720 cm- l and 790 cm-) appear to 
favour for Li interaction with ENR50 containing ECIPC. Similarly, the strong peak 
centred at at 1800 cm- l indicates the present of carbonyl (C=O) from ECIPC environment 
in the plasticised electrolyte sample. The carbonyl region frequency value at 1800 cm- l 
is caused by the highly electronegative oxygen atoms in the ethylene carbonate 
strengthens the C=O bond through an enhanced inductive effect and shifts the frequency 
to higher values than normal carbonyL 
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The infrared spectra observed in Figure 5.26 shows that they are nonnalised for peak 
intensity comparison. It illustrates that plasticised MG49ILiCF3S03 has new peaks 
appearing at 650 cm-I , 720 cm- I and 790 cm- I and 1040 cm-I regions. This information 
indicates that similar trends are observed when lithium salt introduced into the systems 
when compared to the previous peaks assigned for both plasticised ENR25 and 50 based 
polymer electrolytes in the frequency range of 600-1000 cm- I . Some of the peak 
intensities of plasticised MG49ILiCF3S03 polymer electrolyte increased upon addition 
ofECIPC compared to pure MG-49 rubber Figure 5.26(b) and added salt MG-49 Figure 
5.26(c). Preliminary conclusions indicate that there is preferred lithium cation 
coordination to the polar stretching of the ester carbonyl group (C=O) in the polymethyl 
methacrylate grafted repeat unit. This argument is supported by the fact that carbonyl 
region is affected by the introduction of lithium salt in both the Raman and the infrared 
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data suggests coordination between the carbonyl oxygen and the Li+ cation (Ferry et al 
1995). 
5.6 Conclusion 
A series of modified natural rubber based electrolytes incorporating lithium triflate salt 
(LiCF3S03) has been studied. In addition, mixtures of ethylene carbonate (EC) and 
propylene carbonate (PC) added into modified Natural Rubbers containing LiCF3S03 
salt had composition regions suitable for free standing films. The properties of the 
polymer electrolyte gel films such as ionic conductivity, thermal stability and infrared 
spectroscopy were characterised. The majority of the salt-doped polymer electrolyte 
systems have ionic conductivities about 10-s S cm-l at room temperature. It was found 
that plasticising modified natural rubbers with ECIPCILiCF3S03 salt solution 
significantly increased their ionic conductivity. The viscosity of the polymer and the 
concentration of the charge carriers influenced the conductivity of the gel electrolytes. 
The conductivities are directly related to the weight ratio of polymer/(EC+PC) and its 
effect on the concentration of lithium salt. Increasing the salt concentration increases 
ionic conductivity. 
Addition of 100 wt percent of ECIPC (I: I) into the salt-doped polymer system has 
considerably increased an average ionic conductivity by almost two orders of 
magnitude. The ionic conductivities obtained were in the range of 10-4 tol0-3 S cm- l at 
room temperature. From the experimental work it was observed that the increase in the 
ionic conductivity of the complex both plasticised and non-plasticised cannot simply 
explained by the increased concentration of the salt content or the amount of the 
plasticiser added. However, it is clear that a reasonable conductivity enhancemant can 
be achieved by the choosing the correct amount of suitable plasticiser, if it is compatible 
with the host polymer. This approach of using ECIPC, which is polar proved to be 
soluble in highly polar nature of epoxidised natural rubber (Decker et at 1995). The 
plasticiser might diffuse out in the long-term storage. According to Sheldon et al 
(1989), the preparation methods utilising a heating stage to promote drying tend to 
minimize the benefits obtained from plasticization. Maximum plasticizer retention 
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results from preparation regimes in which heating is avoided. These authors have also 
concluded that there is evidence of plasticiser loss during long- term storage. 
The DSC traces of the salt-doped polymer electrolytes displayed a single and increasing 
trend of transition glass (T g) temperatures when an increasing amount of salt 
concentration was introduced into the polymer matrix. However the incorporation of 
ECIPC into the system has resulted in a marked reduction in their Tg values. The 
presence of a highly flexible amorphous phase in DSC measurements seems to be 
responsible for the increase in conductivity. DSC and FTIR investigations show that Lt 
cation can be complexed by both non- plasticised and plasticised modified natural 
rubbers. 
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Chapter 6. Polymer Electrolytes based on ENRIPEO blend 
6.1 Introduction 
This chapter mainly describes the outcome of investigations carried out on physical 
properties of ENRIPEO blends based polymer electrolyte systems. The observation and 
evaluation studies solely focused on using characterisation techniques such as DSC, 
SEM, FTIR, and ac Impedance Spectroscopy performed on the prepared films. 
However, preliminary to this chapter some related work, which is vital in respect to the 
series of experimental task largely contributing to the thesis, was discussed. 
The drawback of PEO-based polymer electrolytes systems due to highly crystalline 
phases has prevented their use for practical application at room temperature. However, 
despite the setbacks or limitations repeatedly mentioned in many papers published (Sun, 
Sohn, Yamamoto, Takeda and Imanishi, 1999; Reiche, Steurich, Sandner, Lobitz and 
Fleischer, 1995; Berthier, Gorecki, Minier, Armand, Chabago and Rigaud, 1983) PEO 
still has attracted the highest attention as the best highly viscous polymeric matrix. In 
the recent investigation reported by Scrosati and co-workers (2000) that incorporation 
of nano-sized ceramic into PEO has produced promising composite polymer electrolyte 
system. The study has indicated that the increased ionic conductivity by the addition of 
ceramic filler due to disorder rearrangement of crystalline phases with the absence of 
liquid solvent. It was suggested that the ceramic additive acts as a solid plasticiser. 
Several blend based polymer electrolyte systems using PEO blend with other polymers 
as polymer hosts have been investigated. The polymers employed in the blends such as 
polymethylmethacrylate (PMMA), APMMA, P AAM (Wieczorek, 1995), PPO (Acosta 
and Morales, 1996), PVDF (Jacob, Prabaharan, Radhakrishna, 1997), polyacrylonitrile 
(PAN) (Munichandraiah, Sivasankar, Scanlon and Marsh, 1997) and PV A (Mishra and 
ho,I998). These studies have shown that the common characteristic of these polymers 
is a high transition glass temperature, T g. 
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In the studies have shown that it provides the structural stability at molecular level, the 
ultimate physical properties and the effect on the crystallisation degree of PE~. These 
polymers should have some common requisites to partner with PE~. Firstly, 
compatibility between the polymers, and the salt; secondly interaction with cations not 
too strong to avoid ion trapping; thirdly both polymers are polar. The main goal of these 
studies is to obtain systems with promising physical properties and with a much higher 
conductivity than crystalline phases of pristine PEO-complex. Following the principles 
of the work described above, reported in the literature, this chapter describes an 
investigation of modified natural rubber blended with PEO to act as polymer host. 
Epoxidised natural rubber containing 25 per cent epoxidation level (abbreviated as 
ENR-25) and epoxidised natural rubber of 50-% epoxidation level were used to blend 
with PE~. The physical characteristics of the materials were described in Table 
3.1 (Chapter 3, p. 31). The structural features of these materials are depicted below. 
ENR-25 
Poly( ethylene oxide) 
The series of experimental work in the following was categorised into three main 
groups namely, undoped ENR (2S/S0)/PEO polymeric blends, ENR (2SISO)IPEQ-salt 
systems, and plasticised ENR (2S/S0)/PEO-salt systems. 
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6.2 U ndoped ENRIPEO polymeric blends 
The initial finding of pure ENR based electrolyte in the preceding work prompted a 
further investigation of the miscibility of PEO with ENR as a host for Li ion conducting 
polymer electrolyte. Initially, it is important to obtain the compositions and optical 
clarity of ENRIPEO polymeric blends. A comparison of the clarity, degree of 
crystallinity and DSC data of ENRIPEO blends are shown in Table 6.1 and 6.2. The 
relevant characteristics of pure polymers for both PEO and ENR are also included in the 
table. Then, the addition of PEO into ENR matrix was effectively studied as a function 
of PEO concentration. As described in the experimental section, the blends were 
prepared in the usual manner by the solvent casting technique. There are eight different 
compositions which were chosen expressed, in weight per cent (w/o) of ENR and PEO, 
such as 98:2,95:5,90:10, 75:25,25:75, 10:90,5:95, and 2:98. The ENR was considered 
as principle host into which the blending character of PEO (molecular weight 600,000) 
was determined by means of Differential Scanning Calorimeter (DSC) and Scanning 
Electron Microscopy (SEM) studies. 
6.2.1 Differentia. Scanning Calorimeter (DSC) 
The blend samples with thickness range 0.043 em were prepared by solvent casting and 
kept under dry condition in the desiccator prior to run for thermal analysis using liquid 
NItrogen low temperature PERKIN-ELMER DSC4 equipment. The samples were 
scanned in the temperature range - 80°C to + 20°C. The details background of this 
equipment was explain in the experimental part Chapter 3. 
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Table 6.1 Thermal transition temperature and appearance of un doped PEOIENR-
25 blend samples 
%of Xcl>EO Tr-ansition temperature! Uc 
Sample ]tEO .. (%) T2 Tm Appearance 
ENR25 0 - -43 - Transparent, film 
BIl 2 1 -41 61 Translucent, film 
B/2 5 3 -41 65 Translucent, film 
B/3 10 5 -45 58 Tr:anslucent, film 
B/4 25 16 -39 61 Translucent, film 
B/5 75 50 - 41, -58 67 Translucent, film 
B/6 90 53 - 43 68 Hazy, film 
B17 95 56 - 69 Hazy, film 
B/8 98 63 - 69 Hazy, film 
PEO 100 70 -60 69 Hazy, film 
Table 6.2 Thermal transition temperature and appearance of undoped PEOIENR-
50 blend samples. 
Sample %of XcPEO Transition temperature! uC Appearance > 
- PEO (%) 
T" Tm 
ENR50 0 - -23 Transparent, film 
BIl 2 1 -24 60 Translucent, film 
B/2 5 3 -23 62 Translucent, film 
B/3 10 5 -20 65 Translucent, film 
BJ4 25 9 -21 63 Translucent, film 
B/5 75 49 -21 66 Hazy, film 
B/6 90 57 - 67 Hazy, film 
B17 95 59 - 25 68 Hazy, film 
B/8 98 63 - 68 Hazy, film 
PEO 100 70 -60 69 Hazy, film 
As can be seen from Table 6.1 and Table 6.2, the film samples were partially clear at 
low concentration of PEO whereas hazy films prevail when higher concentration of 
PEO was added into the ENR mixture. The thermal behaviour of the blended films of 
amorphous elastomeric ENR-25150 with PEO was examined. DSC was utilised to 
determine the effect of adding PED into ENR mixture on the morpholologically based 
thermal transitions of the blends. 
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DSC traces obtained for the blends with 2, 5, 10, 25, 75, weight per cent of PEO are 
shown in Fig. 6.1 and 6.2. DSC data for all the blends are presented in Table 6.1 and 
6.2. The polyethylene oxide (PEO) used in this investigation was purchased from 
ALDRICH. It is white powder form and highly crystalline. The degree of crystallinity 
obtained from DSC, Xc is approximately 70010. The glass transition temperature, T g, 
which is sometimes difficult to obtain due to high crystallinity, is about to -60°C. 
Table 6.1 and Table 6.2, show that at higher PEO concentration, substantially a little 
decrease in the degree of crystallinity of PEO component but dramatically lower at very 
low concentration. The onset temperature of the melting peak, T m, shifts to slightly 
lower temperatures in comparison to that for the pure PEO sample. The trend indicates 
that the present of non-crystallisable component in the blend has depressed the melting 
point ofPEO in the blend when compared with pure PEO. The ENR rubber component, 
which is chemically modified natural rubber could act as internal plasticiser to reduce 
the melting point ofPEo. 
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Tg 
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Fig. 6.1 DSC traces ofENR-25IPEO blends (samples containing 0-100% w/o PEO) 
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Fig. 6.2 DSC traces ofENR-50IPEO blends (samples containing 0-100% w/o PEO) 
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DSC data for ENR-25IPEO and ENR-50IPEO blended film compositions display only a 
single transition glass temperature (a step curve) in the lower range temperature, but the 
75/25 ratio for ENR-25IPEO composition two transition glass temperatures are 
apparent. For the latter one the first T g value is considerably higher at _5So C, which is 
closer to the pristine PEO whereas the second Tg value is at -210 C very close to pure 
ENR-50. It shows that Tg values of ENR very little affected with increasing PEO 
concentration. The two transition glass temperatures at -410 C and -210 C obtained in 
the lower range temperature correspond to amorphous phases of ENR-25 and ENR-SO, 
which predominate in the blend compositions. However, Tg, of PEO not detectable in 
the DSC traces of the blends but its melting temperatures prevail in the upper range 
temperature for all blend compositions. It is expected that the blend of two polymers 
might consist each component of ENR and PEO or new material being produced. From 
the thermal event the blend compositions indicate that it might consist of two-phase 
systems. 
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Figure 6.3. The trend of transition gl8$S temperature, T g, and melt temperature, T m, of 
ENR25IPEO blends as a function ofPEO concentration. 
131 
Chapter 6 Polymer electrolyte based on ENRIPEO blend 
70 
-20 
• • 
.. . ..... 0 
• •• ... 0 6B •• o . 0 
0 66 
0 
-
64 
0 c,o 
0 -40 0 62 "E co ~ 
-.. 
~ 
0 ED 
-50- 58 
• To 
0 T .. 0 
56 
ill 
-
54 
I I 
a 20 «> ED eo 100 
ENR5OIPEO (% of PEO) 
Figure 6.4. The trend of Tg., and Tm, of ENR501PEO blends as a function of PEO 
concentration. 
For compatible polymer blends, the glass-transition temperature (T g) is expected to be 
intermediate between that of the two components. The expected transition glass 
temperature is not apparent. In the case of present investigation for undoped 
ENR25IPEO and ENR50IPEO blends, T g for the PEO component is not observable {by 
DSC) because PEO is semicrystalline. However, from Figure 6.3 and Figure 6.4 show 
that the trend of the graphs for both types of blends display a melting temperature, T m, 
depression that depends on the volume percentage of PEO additives. Unless the ad4itive 
is compatible with the polymer and acts as a plasticiser, it will not depress its melting 
temperature (II. Wang, H. Huang, and S.L. Wunder, 2000) . Therefore, the m~lting 
point depression of the crystalline portion of the blend can be used as a criterion for 
compatibility. It is believed from this finding that ENR-25 or ENRSO can also act as 
internal plasticizer is compatible with PEO, as indicated by a lowering of the melt 
temperature Tm of the crystallite in the blend. 
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6.2.2 Scanning Electron Microscopy (SEM) 
The structure of polymer blend consists of amorphous phase, a crystalline phase and at 
least one of a range of mixed phases formed between ENR and PEO. This has resulted 
differences in morphology between composition ratios of the ENRIPEO blends 
polymeric components in the formation of the films. Scanning electron micrographs of 
the undoped ENRIPEO blends possibly indicate the two phases of polymers might have 
a micro phase separated, a single phase or partially single-phase systems. 
Figure 6.5 to 6.8 compare the morphology of the films prepared using solvent casting 
technique with those formed employing undoped ENR-25IPEO blends and undoped 
ENRSOIPEO blends. The polymeric-blended films containing low concentration of 
PEO with 2/98, 5195, 10/90 and 25/75 ENR-25IPEO and ENRSOIPEO compositions 
were homogenous as shown in Fig. 6.7 and Fig. 6.8. There appear to be small 
spherulites of PEO crystal grains aggregated in between the amorphous phase of the 
blend. In comparison to the films with PEO-rich phase (Fig. 6.5 and 6.6), the films with 
98/2, 9515, 90110 and 75/25 PEOIENR-25 and PEOIENRSO compositions were 
somewhat heterogeneous showing spherulite structure randomly distributed in within 
the phases of the blend. This corresponds well to the fact that these films were all 
translucent. In the case of the PEO-rich blended films, all the films were heterogeQeous 
and had a two-phase structure with the PEO domain dispersed in the ENR-2S matrix. In 
the fact, the phase separation led to opaque or hazy films for these blends. 
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a b 
c 
Figure 6.5. SEM images of undoped PEOIENR-25 blend films containing high 
concentration PEO content. The SEM photo (4000X) for (a) 98 % PEO (b) 95 % 
PEO (c) 90 % PEO (d) 75 % PEO. 
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a b 
c d 
Figure 6.6. SEM images of undoped PEOIENR-50 blend films containing high 
concentration PEO content. The SEM photo (4000X) for (a) 98 % PEO (b) 95 % 
PEO (c) 90 % PEO (d) 75 % PEO. 
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a b 
c d 
Figure 6.7. SEM images of undoped ENR25IPEO blend films containing low 
concentration PEO content. The bar scale shown is 2~m (a) 2% PEO; (b) 5% 
PEO; (c) 10% PEO; (d) 25% PE~. 
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e f 
g h 
Figure 6.8. SEM images of ENR50IPEO blend undoped films containing low 
concentration PEO content. The bar scale shown is 2~m (e) 2% PEO; (f) 5% PEO; 
(g) 10% PEO (h) 25% PEO 
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The blended films with low PEO concentration in the ratios 2/98, 5/95, 10/90, 25175 
ENR-50IPEO and ENR25IPEO compositions were homogeneous whereas in the higher 
PEO concentration in the ratios 98/2, 95/5, 9011 0, 75/25 PEOIENR-50 and PEOIENR-
25 compositions were heterogeneous. The former one exhibits smooth surface without 
showing any crystal grains of PEO. The latter shows a two-phase system with the PEO 
predominate in the ENR-50 or ENR-25 polymer host. 
6.2.3 FI1R Spectroscopy 
In this work, FTIR has been utilized at ambient temperature to study the effects of 
adding different percentage of PEO concentration on the structural chemical 
environment of the undoped ENRIPEO blended films. For comparison, IR spectra of 
pure ENR and PEO were also obtained from experiment and literature. Some of the 
articles have been reviewed in relation to the vibrational spectra of pure PEO and their 
complexes. The cited articles provide a suitable foundation to analyze the 
microstructures of PEO when blended with ENR rubber. It is important and informative 
to examine the vibrational spectra of pure PEO, ENR before characterizing the 
ENRIPEO blends. The focus of the IR absorption of the systems under study is in the 
region 1500 -500 em-I .In the crystaUine state ofPEO for chain conformation involves 
the mode of internal rotation such as trans and gauche about the O-CH2, CH2-C~, and 
CH2-0. There are many reports on the VIbrational analysis for infrared and Raman 
spectra of the crystalline form of PEO. There are quiet complicated features such as 
considerable coupling 
All spectra of PEOIENR25 blended films containing high PEO content are presented in 
Figure 6.9. They were labelled as weight percent ratios 98/2, 9515, 90110 and 75/25 
respectively. For the purpose of comparison, the spectral data of neat PEO and ENR are 
also obtained (Figure 6.10 and 6.11). The spectra of the blends are collected in the 
frequency range of 1500 to 500 em-I. Ftgu.re -6.9 shows the ir spectra of the PEOIENR25 
blends are almost similar as the progress of ENR25 polymer is added into the blend. 
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Figure 6.9 IR spectra of undoped . PEOIENR-15 blends containing high PEO 
concentration. 
In accordance to ir spectroscopic data in Figure 6.9 the component of PEO is slightly 
affected upon addition of ENR25 until a maximum of 25 wt. %. This has been shown in 
Figure 6.10 the comparison of 75/25 PE0lENR25and 9515 PEOIENR25 blends. In 
order to see the effect of ENR25 presence in the PE0lENR25 blend the crystallization 
peaks ofPEO are focused in the 1500-800 cm-l regions. 
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In the vibrational spectra studies of crystalline PEO the peaks are sensitive to chain 
conformation changes. It is expected that the changing PEO chain conformation due to 
the presence of ENR rubber in this studies. The spectroscopic techniques have the high 
selectivity that can yield details of chain microstructure in the blends. Figure 6.11 
indicates that the peak intensities have little changes when ENR component was 
introduced from 5 wt% to 25 wt. % into the blends. 
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Figure 6.10 m spectra of (a) ENR25 (b) PEO; resolution 4 cm-1; cast from TBF solution at 
room temperature. 
Davidson, (1955) has used the selection rules and vibrational assignments for the 
gauche and trans forms of ethylene dichloride (Brown and Sheppard, 1952) to model 
the O-[CHh-O portion of the PEO chain. For a gauche configuration two strong bands 
at about 880 and 944cm-1 are expected. Figure 6.10 is shown the spectra of neat PEO 
and ENR 25 in the mid-frequency range collected for this work. It indicates that two 
strong bands at 844 and 960 cm-1 almost very close to a gauche configuration. 
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In the vibrational studies on the undoped PEOIENR blends and their complexes with 
lithium triflate, all of the bands may be assigned to a gauche configuration for the 0-
[CHh-O group. 
-18) PEO.control 
1,0 -(b) PEO(9S~)+ENR25(5~) 
._- (c) PEO(75~)+ENR25(25"') 
:i 
1400 1200 1000 800 100 
WIMIIIUJIIbws (em..., 
Figure 6.11 Comparison of IR spectra for (a) PEO control and; (b) PEOlENRl5 (95/5) (c) 
PEOIENR25(75/25). 
There is not much changes observed for the gauche form in the PE0!ENR25 blends 
understudied. Other peak observed at 1341 em-l almost remains the same positi~n for 
blends containing high PEO concentration. For these undoped blends of PE0!ENR25 
has found that the gauche state is favoured for PEO. Ir spectra of PE0lENR25blends 
containing low PEO content in Figure 6.12 have a strong peak in thelOOO-I200 em-I 
region. As can be seen in Figure 6.13 for sample containing PEO concentration of 25 
wt. % the ir peak favour to PEO component, even though ENR25 dominant component 
in the blend. It suggests that phase separation might take place; i.e., there are two 
amorphous regions; one at PEO-rich and the other ENR-rich; indicating rather 
complicated morphology, which is composition dependent, exists in the blend system. 
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Figure. 6.12 IR spectra of undoped ENR25IPEO blends containing low PEO concentraion 
content. 
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Figure 6.13 Comparison of IR spectra of (a) ENR25 and PEOIENR25 blends 
containing low PEO content (b) 5wt. %; (c) 25 wt. % . 
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Figure 6.14 IR spectra of undoped PEOIENR50 blend films containing high PEO 
content. 
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Figure 6.15 Comparison of m spectra for (a) PEO control and; (b) PEOlENR50 (95/5) (c) 
PEOIENRSO (75/25). 
Ir spectra in Figme 6.14 and 6.15 show the peaks in favour to PEO component from the 
PE0lENR50 blends containing high PED content in the 1500-500 cm-1 regions. The 
trend is almost in similar manner to PEOIENR 25 as described in the early part of this 
section. The peaks appear again in a gauche configuration at 844 and 960 cm-1. In the 
experiments involving of the blends PEOlENR50 containing low PEO content also 
present similar infrared spectral features (Figure 6.16 and 6.17) to the blends of 
PEOIENR25. Preliminary conclusions indicate that the PEOIENR blends containing for 
low and high PEO content is hard to predict their specific influence of each 
components. At present stage a limited information regarding either the interaction 
between the two components or the effect of conformational distribution of PEO cause 
by ENR rubber reported in the literature. 
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Figure 6.16 m spectra of undoped ENR SOIPEO blend cast films containing low 
concentration PEO content. 
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Figure 6.17 Comparison ofIR spectra of (a) PEO; (b) ENR50; (c) ENR50IPEO (75/25). 
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6.3 ENRIPEOILiCF3S03 polymer electrolytes 
Having determined and closely examined the morphology of the blended films of 
ENR/PEO composition with respect to mechanical rigidity and blend homogeneity, the 
work proceeded to make use of these polymers as polymer matrices for lithium ion. 
To achieve this, the salt, LiCF3S03, concentration was fixed throughout this 
investigation while PEO content was varied to study the effect of addition of PEO into 
ENR/ LiCF3S03 polymer electrolyte complex by monitoring their ionic conductivity, 
thermal and morphological properties. Table 6.3and 6.4 show the data for ionic 
conductivity, thermal event, conducted on the prepared samples. 
Table 6.3 Thermal Transition temperature and conductivity of PEOIENR-251 
LiCF3 S03 electrolyte samples 
Sample %of XcPro 
PEO (%) 
ENR25/S 0 -
B/1S 2 -
B/2S 5 -
B/3S 10 -
B/4S 25 5 
B/5S 75 53 
B/6S 90 62 
B17S 95 59 
B/8S 98 62 
PEO/S 100 -
T g - glass transition temperature 
Tm- melting temperature 
Transition temperature! °c 
Te Tm 
-43 
-
-39 
-
-40 -
-40 
-
-40 56 
-39, -51 63 
-51 63 
-50 66 
-52 66 
XcPEO- degree of crystallinity relative to pure PEO 
Conductivity 
(S em-I) 
1.6xlO-' 
7.8 x 1O~ 
5.4 x 104 
4.2 X 10-<1 
2.9x 10-() 
1.2 x 10-:> 
5.7 x 10-0 
5.4 x 10-6 
3.1 x 1O-() 
10-lI _ 10- 1 
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Table 6.4 Thermal tansition temperature and conductivity of PEOIENR50/ 
LiCF3S03 polymer electrolyte samples 
Sample %of ~o Transition temperature! °c Conductivity 
PEO (%) (S em-I) 
Tor T .. 
ENRSOS 0 - -22 2.OxlO-) 
B/1S 2 - -20 - 1.3 x 1O-()· 
B/2S 5 - -20 - 1.1 x 1O-() 
B/3S 10 - -21 - 3.2 x 1O-() 
B/4S 25 9 -]9 56 2.7 x 1O.{) 
B/5S 75 61 -52 66 4.7 x 1O-() 
B/6S 90 64 -52, -28 65 6.0 x 1O-() 
Bl7s 95 68 -51 67 2.7 x 10-{) 
B/8S 98 69 -52 66 2.9 x 1O-() 
PEO/S 100 70 -60 1O~ - 10-1 
6.3.1 Complex ac-impedance studies 
Impedance data are presented in the form of imaginary, Z" (capacitive) against real, 
Z' (resistive ), impedances. The typical impedance plots (Z' vs. Z") for the blended-
films ofENR-50IPEO compositions are shown in Figure 6.18 
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Figure 6.18 Impedance plot ofENR50IPEO blend doped with LiCFJSOJ 
The impedance response on the film samples was collected by means of conductivity 
cell whose details described in Chapter 3 (Experimental part} The electrodes of the cell 
were made of stainless steel as blocking electrode .In the complex impedance 
representation measure at room temperature as shown in Figure 6.18, the low frequency 
response appears as slanting spikes and it is a characteristic of a blocking double-layer 
capacitance (CdI), whose magnitude may be estimated from any position on the spike 
using the equation Z"= 1I2nf where f is the frequency and C is capacitance associated 
with the frequency f For a blocking electrode as in this study, the semicircle at the high 
frequency region usually represents the bulk electrolyte impedance. 
The impedance response of ENRSOIPEO (98/2)lLiCF3S03 shows a typical impedance 
behaviour such as a semicircle segment followed by a spike. The high frequency 
semicircle indicates the bulk response of the film samples. The disappearance of the 
semicircular part in the complex impedance plots of other compositions is due to ion 
conduction taking place. Thus from the complex impedance plot, the bulk impedance 
value was taken and used to calculate the bulk ionic conductivity . 
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Table 6.3 and 6.4 summarises the room temperature conductivity values together with 
the T g of the films. Fig. 6.19 presents the variation of ionic conductivity as a function of 
PEO concentration (w/o) into ENR / LiCF3S03 complex. It was observed that as the 
PEO weight per cent increases the conductivity decreases to a minimum 3.2 x 10.6 S 
cDil and start increasing again to a maximum when the PEO content is 75 weight per 
cent. This behaviour was found in the case of ENR-50IPEO based electrolyte. Of the 
modified natural rubbers, ENR-25/PEO shows the highest conductivity at room 
temperature for any given PEO concentration compared with the ENR-50 blend-based 
electrolytes. Overall the conductivites of doped modified natural rubberlPEO based 
electrolytes have shown higher values than conventional polyethylene oxide (PEO) 
based electrolytes at ambient temperature. 
-4.8 
~5 
-5.2 
en 
....... 
t> 
C) -5.6 
.2 
-6.0 
1 /" \\ / "; 
Q ! 
""t~ 
1' ................ ,,_-.. -.-----.--........... .-.....- \p 
---ENR-25 
...... 0-..... ENR-50 
o ~ ~ ~ 00 100 
ENRLPEO/UCF3S03 (% of P~O) 
Fipre 6.19 Variation of ionic coaduetivity for ENRIPEOI LiCF~ eledrelytes as 
• function of PEO concentntion. 
149 
Chapter 6 Polymer electrolyte based on ENRIPEO blend 
In term of the polymer molecular structure, ENR-25 and ENR-50 have an active oxygen 
in the epoxy group attached to their main chain. It is assumed that the ENR o~gen 
atom takes a role similar to the ether group in the PEO polymer structure. The LiT on 
salvation in the ENR occurs due to formation of co-ordination bond with oxygen of the 
polar epoxy group ENR. The blend of PEO into the ENR mixture has little effect on 
ionic conductivity but render its film handling process after casting. 
6.3.2 Differential Scanning Calorimetry 
The presence of more than one phase in the polymer electrolyte system complicates 
analysis of the transport property data. For this reason, it is desirable to investigate the 
thermal properties prior to study. Polymer electrolyte systems carried out in this study 
consisting of blended polymer network and inorganic salt differ from conventional 
electrolyte systems. The blended samples might contain more amorphous features and 
increase polarity of the polymer host, which create better environment for ionic 
conduction. In the case of conventional electrolyte system like PEO is relatively has a 
low volume fraction of amorphous phase of the PEO-complex below the melting point 
of the crystalline PEO phase (Berthier, Gorecki, Minier, Armand, Chabago and Rigaud, 
- 1983). Addition of salt into the blended system may cause changes in glass transition 
temperatures as well as improve its ionic conductivity. 
The effect of PEO concentration on the thermal property of the electrolyte systems has 
resulted in some unusual observations. The exact nature thermal phase transitiQn of 
ENRIPEO blend as polymer host is still not known at this stage. For this work the 
thermal phase behaviour of ENRIPEOI LiCF3~ electrolytes were investigated using 
differential scanning calorimetry. Films made from modified natural rubberslPEO/ 
LiCF3S~ solutions appeared visually homogeneous at room temperature .. The ENR-
2SIPEO and ENR-50IPEO types of modified natural rubbers doped with lithium 
tritluoromethane sulfonate in this study exhibited a single T & in the DSC ~ents. 
The glass transition, T g , and melting temperature, T m of the electrolytes based on 
ENRIPEOI LiCF3S0] are shown in Figure-6.20 and 6.21. 
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This indicates that there is no microphase separation occurs in this system. The 
transition glass temperature, T g is found, in general to increase with increasing salt 
concentration. This indicates that a complex has formed between the rubber polymer 
and the lithium salt. The ionic mobility is closely related to the relaxation modes of the 
polymer host (Gray, 1991). This can be observed through the increase in Tg of 
polymeric systems as salt concentration is increased. 
The relationaship of glass transition temperature with the cause of the decrease in 
segmental motion is usually interpreted as being the effects of an increase in 
intramolecular and intermolecular cooordinations between coordinating sites on the 
same or different polymer chains caused by the ions acting as transient cosslinks(Le 
Nest, Gandini and Cheradame, 1988). The ionic conductivity is reduced as the result of 
the stiffening of the polymer matrix. The availability of vacant coordinating sites is also 
greatly reduced by the increased of salt concentration. In addition, strong ion-ion 
interactions in system of low permittivity such as polyether are probable and therefore 
ion migration is likely to involve the cooperative motion of several ions. This has also 
been explained in preceding Chapter 2, section 2.3. 
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DSC studies show evidence of the . amorphous and semicrystalline character of 
ENRIPEO/ LiCF3S03 electrolytes (see Table 6.3 and 6.4). The degree of crystallinity 
calculated from DSC (Table 6.3 and 6.4) is significantly reduced from that for PEO 
based electrolytes. The blended films with 92/2, 95/5, 9011 0 ENR2SIPEO compositions 
containing lithium triflate salt revealed no melting peak temperature. This was also 
observed in similar manner with ENR-50IPEO/ LiCF3S~ blended film electrolytes. 
6.3.3 SEM Observation 
SEM micrographs of ENR-2SIPEOI LiCfJ803 and of ENR-SOIPEOI LiCF3~ films 
are shown in Figure 6.24 and Figure 6.24. It can be seen that there is no crystalline grain 
present in the plasticized blended films -of 98/2, 9515, 90110 and 75125 ENRIPEO 
compositions and inferred that the electrolytes are homogeneous. 
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In contrary to the higher concentration of PEO with 98, 95, 90 and 75 weight per cent 
dispersed in the ENR-salt matrix indicated a phase-separated microstructure. It is 
assumed that the salt has been found to play a vital role in miscibilizing the two polar 
polymers by interacting with the oxygen of the polyether and epoxy group of 
epoxidized natural rubber (ENR). It was known at this stage whether a thermodynamic 
single phase was fonned or the blends had a micro-phase separated morphology. It is 
revealed from the SEM studies that the salt serves as an emulsifier to the multiphase 
morphology by improving the dispersion of PEO in the ENR matrix and prevents the 
coalescence of the phases. The effect of the salt is similar to that of a block copolymer, 
which is known to reside at the interface (Fayt, R. Herome and Teyssie, 1986) between 
the polymer phases and reduce interfacial tension ( Anastasiadis, Gancarz and Stevens, 
1989). 
The role of the salt as compatibiliser to the multiphase morphology can also be seen 
clearly by comparing the results of ENRIPEOI LiCF3S03 system. At low PEO 
concentration in the blended films with 98/2, 9515, 9011 0, and 75125 . ENRIPEO 
compositions, where lithium salt was fixed at 5% concentration, resuhs in smooth and 
homogeneous films. Increasing the PEO concentration in the blends with 2Sn5, 10/90, 
5195 and 2/98 ENRIPEO compositions has caused in coalescence of the two phases. The 
resuhing films were cloudy or opaque. The addition of higher PEO concentration in the 
blend has produced highly crystalline electrolyte as indicated by the domain spberulite 
in the matrix phases. It seems likely that the highly polar epoxy group of ENR may also 
interact with etheric units ofPEO in heterogeneous systems. 
1S6 
Chapter 6 Polymer electrolyte based on ENR/PEO blend 
j 
k 
Figure 6.24.SEM images of PEOIENR25/LiCFJSOJ polymer electrolyte films 
prepared by solvent casting. The bar scale shown is 20J.lm (i) 98% PEO; G) 95% 
PEO; (k) 90% PEO; (I) 75% PEO 
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o p 
Figure 6.25.SEM images of PEOlENR50ILiCF3 03 pol m r 
prepared by solvent casting. The bar scale hown i 20llm (m) % 
PEO; (0) 90% PEO (p) 75% PEO. 
Chapter 6 Polymer electrolyte based on ENRIPEO blend 
q r 
s t 
Figure 6.26.SEM images of ENR25IPEOlLiCF3S03 polymer electroJyt film 
prepared by solvent casting. The bar scale shown is 20 J.lm (q) 2% PEO; (r) 5% 
PEO; (s) 10 % PEO; (t) 25% PEO 
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Figure 6.27.SEM images of ENR50IPEOILiCF3S03 polymer electrolyte film 
prepared by solvent casting. The bar scale shown is 20~m (u) 2% PEO· (v) 5% 
PEO; (w) 10% PEO; (x) 25% PEO 
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6.3.4 Infrared spectroscopy 
The incorporation of lithium triflate (LiCF:JS03) salt in ENRIPEO blend was observed 
by IR spectral studies at ambient tempearture. The FTIR spectra of a solvent cast films 
produced from both of ENR-25IPEO and ENR-50IPEO blends containing salt are 
illustrated in Figure 6.28 and Figure 6.29. All of the ENR-25IPEOlLiCF3S03 complexes 
have almost similar (but not identical) to the spectra for ENR-50IPEOlLiCF3S03 blend 
electrolytes. Thus the IR spectra of both blend based system electrolytes conducted in 
this work were described below. Firstly, begin with the bands for ENR-
50IPEOILiCF3S0 3 assigned by comparing the spectra with the spectra of ENR and 
PE~. The IR bands and their assignments are listed in Table 6.5 .. 
Table 6.S. Mid-IR spectra for ENR-SO, PEO and ENR-SIPEO LiCF3S03 blends 
(SOO-lSOO em-i) 
ENR-50 PEO ENR-50IPEO/ LiCF3S~ Assignment 
1451 1467 1453 CH2 asymrn. 
bending 
1378 1359 1379 
1327 1343 1293 CH3 
1240 
1251 1257 Epoxy 
1111 1146 
1064 
1032 1064 
960 1168 v(COC) 
875 
837 844 1109 
780 1041 LiX 
876 Epoxy: half 
839 ring stretching 
643 0(S03) 
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In the doped blended films with 2/98, 5/95, 10/90, and 25/75 ENR-25IPEO 
compositions, the following new features appear after complexation: The following i.r. 
regions have been obtained and examined: (l) 3000 to 2800 em -I containing CH2, CH1, 
CH stretching mode; (2) 1450 to 1350 em -1 CM, CH asymm, bending; (3) 1250 em -I 
epoxy: whole ring stretching; (4) 1150 to 1050 cm -1 CC stretching, C-O-C asyntm. 
stretching; (5) 850 cm -1, assymm. rocking and 950 em -1, symm rocking; (6) 650 em -I 
is assigned to S-O stretching. 
The appearance of new peaks other than those of the component materials undoped 
PEOIENR indicates the complexation of the system. The emergence of new peaks 
might prove the result of complex system between the salt and the ENRIPEO blend was 
formed. Though not all new peaks could be identified a few assigned peaks are 
discussed below. 
The peaks in the region of 3000 to 2800 em -1 are associated with the group such as 
CH2, CJh, CH stretching mode in the ENR backbone. Fom IR spectra of 
ENR50IPEOlLiCF3S03 electrolytes with ratios 98/2, 95/5, 90/10, 75/25 ENRIPEO 
eompositions revealed that ENR component is prominent. The ENR rubber component 
bas almost suppress PEa crystalline phase as indicated from IR spectra (Figure 6.26). 
As the result the peaks observed at 1146 and 1063 em-I from PEO have reduced the 
intensities. It is believed that Lithium cation interact with the epoxy group randomly 
distribute along the rubber main chain. The peaks at 1161,1109, 876, 839 and 643 em-I 
eoIIeeted from the spectra of ENR-50IPEOI LiCF1SOJ electrolyte are compared tQ the 
vibrational frequencies of~ ~ and O~ 0 (1028 and 730 em-I) cited from literature 
(Nakamoto, 1997). In contrary to the IR spectra of PEOIENR5OI LiCF3S<lJ polymer 
electrolytes containing high PEa content it shows clear peaks of a gauche configuration 
at 843 and 960 em-I. The peaks indicate a crystalline state of PEO predominate in the 
blended polymer electrolytes. The addition· of lithium triflate has increased the glass 
transition temperature for the formation of virtual crosslink. The multiphase polymer 
electrolyte system in this regime is very hard· to· predict the IR spectra. However the 
intensity of the satellite band (Figure 6.28 and 6.29) becomes strong as concentration of 
PEO in the blended electrolyte is pr~. 
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6.4. ENRlPEOlECIPCILiCF3S03 electrolytes 
It was mentioned in the literature that the addition of plasticiser increases the flexibility 
of host polymer chains (Paul and Newman, 1978). The plasticiser substantially reduces 
the brittleness of many polymers because the addition of even small amounts markedly 
reduces transition glass, T g of the polymer. This effect is due to the reduction in the 
cohesive forces of attraction between polymer chains. Plasticiser molecules relatively 
small in size compared with polymer molecules) penetrate into the polymer matrix and 
establish attractive forces between plasticiser molecules and chain segments. These 
attractive forces reduce the cohesive forces between the polymer chains and increase the 
segmental mobility, thus enhancing conductivity. The conductivity of a polymer 
electrolyte, therefore, increases due to the addition of plasticiser. 
Several plasticised blend based electrolyte systems have been investigated using blend 
polymer material as polymer hosts. These include PEOINaYF4 (Jaipal Reddy, Sreekanth 
and Subba Rao, 1999), PVdF-HFPIPMMAVAc (Oh and Kim, 1999), PVCIPMMA 
(Rhoo, Kim, Park, and Hwang, 1997), PPGIPMMA (Mani, and Steven, 1993), 
PEOIPVdF (Jacob, Prabaharan and Radhakrishna, 1997), PEOIPVC(Mishra and Rao, 
1997) and PEOIP AN (Munichandran, Sivasankar, Scanlon and Marsh, 1997). In 
addition to the list of these blended based electrolytes was explored ENRIPEO blend of 
various ratios as polymer hosts to produce plasticised blend based polymer electrolyte 
system. The ENRIPEO blend· regimes provide a novel system to investigate their 
physical properties behaviour and its ionic conductivity. 
6.4.1 Conductivity lDeuureJ;Dent 
Resistances of the films were measured· using impedance plots, and one of them is 
shown in Fig. 6.30 From the impedance plot, the bulk resistance was obtained and ionic 
conductivity was calculated. The conductivity values of the plasticized ENR-25IPEO 
and ENR-50IPEO systems containing lithium tritlate are shown in Table 6.6 
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Figure 6.30 Impedance plot ofENR50IPEOlLiCF3S~ polymer electrolyte. 
From Figure 6.31 the graph shows that by adding PEO progressively in the blend the 
trend of ionic conductivity decreases then slightly increase to maximum and subsequent 
decrease. For all PEO concentrations in the- blend compositions present lower ionic 
conductivity than non-blend plasticized ENR-25150 containing the same salt content. 
The lower conductivity values of the samples are caused by the higher degree of 
crystallinity, as confirm by DSC curves in Figure 6.32 and 6.33 was found that at low 
per cent PEO content the blend electrolyte in amorphous state but crystalline state 
predominate at higher per cent. The ionic conductivity is assumed to occur by Lewis 
acid-base interaction between the Li+ ions and the oxygen atom in the ether bonds. Both 
repeating units of the polymer posses oxygen atom, however, it seem that the ENR is 
highly amorphous but not PEO. Thus, the ionic conduction is more preferential in 
amorphous phase than crystalline phases. Due to this it is believed that the Li interact 
strongly with oxygen atom in the epoxy group of ENR in similar manner to ether group 
of PEO. However, to support this hypothesis there is no experimental evidences for 
ionic transport mechanism in multiphase electrolyte system at this stage. 
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Table 6.6 Ionic conductivity of ENR25IPEOIECIPC polymer electrolyte 
samples 
Sample % ofPEO ENR25/p ENR50IPEOIEClPC 
~ 
Conductivity Conductivity 
(S em-') (S em-I) ... 
0 1.8 X 10-4 4.0 X 10-) 
2 6.9 X 10-) 5.2 X 10-) 
5 6.0 X 10-) 9.7 X 10-) 
10 4.3 X 10-) 7.1 X 10-) 
25 3.0 x 10-) 2.5 X 10-) 
75 3.4 x 10-) 6.9 X 10-) 
90 8.6 X 10-) 1.3 X lO-' 
95 5.9 x 10-' 7.9 x 10-' 
98 3.6 x 10-' 2.5 X 10-' 
100 10-4 - 10-' 10-4 - 10-) 
It was observed that the modified natural rubberlPEO based films have the ability to 
uptake a high loading of polar low molecular weight organic solvent. The polymer 
electrolyte films with ionic conductivities in the order of 10-4 S cm- l still retain their 
rubbery characteristic in spite of the presence large amount of absorbed electrolyte 
solution and the crystalline PEO. These finding were compared with the work 
(Morihiko, 1996) on elastomeric-based materials using synthetic rubber as the polymer 
host. It was reported that an ionic conductivity of the order of 10-3 Scm-I was obtained 
by swelling a polymer electrolyte system with electrolyte solvent. Recently, (Iu, Xu, 
and Yang, 1998) also reported the conductivity of nitrilic rubber with the copolymer of 
ethylene oxide and epichlorohidrin swollen by a solution of lithium perchlorate 
(LiCI04) in propylene carbonate. For the blend containing 40% (w/w) of solution, 
conductivity 10-3 S cm-l at room temperature. In this present work a different material 
and approach has been used but the conductivity trend mimics the above systems. It is 
suggested that the polarity of the both materials is one of the key factors to attain high 
ionic conductivity. It was reported that only polymers possessing high dipole moments 
are suitable candidates (Wieczorek, 1995). 
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ENRlPEOIEClPClLiCF3803 electrolytes at roolD temperature. 
6.4.2 Differential Scanning calorilDeter (DSC) 
The ENRlPEOIEC/PCLiCF3S~ polymer electrolyte is considered multiphase system, 
which consists of blend polymer network and a solution of inorganic salt in low 
molecular weight polar solvents. This polymer electrolyte system can be explained by 
the existence of non-crystallizable component of ENR, semicrystalline of PEO and a 
crystal mixture of the plasticizer and salt. The phase structure of this plasticized 
ENRIPEO blend is not exactly known at present time. From the experimental 
observations indicate that, ENR component introduced in the blend system might act u 
internal plasticizer reducing the crystallinity of PEO chain, and hence increuina the 
concentration of the highly conducting amorphous phase. As shown in Figure 6.32 and 
6.33, the melting peak and transition glass temperature of the plasticized electrolyte 
films are scanned at temperature range - 80° C to + 250° C respectively in the DSC 
thermogram. 
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The ionic conductivity of polymer electrolytes is strongly affected by their thermal 
behaviour. Thus, the knowledge of their thermal transitions, like transition glass 
temperature, Tg, and melting temperature, Tm, (Figure 6.34 and 6.35) is particularly 
informative. Figure 6.33 and 6.33 shows the DSC curves for the pure ENR, pure PEO 
and their plasticized blended films with different PEO concentration in weight per cent. 
It was observed that the three samples namely, ENR-25 , PEO and plasticized 
PEOlENRlLiCF3S03 present Tg, at - 43° C, - 60° C, and - 43° C respectively. From 
the DSC data shows that with addition of plasticicer, ECIPC, there is no melting peak, 
Tm observed for the blend, containing low percentage ofPEO (2 to 25 w/o). In the case 
of plasticised blended film ENRIPEO composition with high percentage PEO content 
(75 to 98 w/o) present Tm, and Tg. For this material Tm, is close to that observe for pure 
PEO, suggesting that crystalline phase is rich in the blend. The T g obtained is 
intermediate value between the Tg's of pure PEO and ENR-2S (Tg - PEO = - 60° C, Tg 
- ENR-25= - 43° C). This indicates that plasticized blended ENRIPEO/ LiCF3S03 
present a crystalline phase composed by PEO and amorphous phase composed by a 
miscible mixture between PEO and ENR-25. The blend showed high conductive sample 
although presents a crystalline domain. 
169 
Chapter 6 Polymer electrolyte based on ENRIPEO blend 
T. 
EN R -25/P EO/EC/P CI LiC F 3803 
Tm 
: ~ ------; 100/0 ; Y 1 
i 
j~ taf2 
~ 
• s: 
o 
'U 
co 
III 
J 
'-
• u 
E 
j 
1 , 
, 
; 
, 
1 
, 
. 
1 
1 
1 
1 , 
1 
l 
1 
/ ISIS ~ 
i 10110 
~~ 
;~ { ........... 
~ ../\ { 
v~ ~ .,. 
~ --" { 
~ 
-80 -60 -40 -20 0 20 20 40 60 80 100 120 
TI'C T/'C 
Figure 6.32 DSC traces ofENRl5IPEOlECIPCI LiCF3~ electrolytes 
170 
Chapter 6 
E 
~ 
• 
:5 
o 
"'CI 
c: 
W 
1 
til 
II 
U 
E 
Polymer electrolyte based on ENRJPEO blend 
EN R-50/PEO/EC/PCI LiC F ,S 0, 
Tm 
~O/O ~ 
II 95/5 ~ 
----------~ V 751-2-5 
~~ -
-----1-0/90 ~ 
~  
---~21" 
, 
~O- ~ 
-80 -60 -40 -20 0 20 40 40 6.0 8.0 100 120 140 
TlOC T/OC 
Figure 6.33 DSC traces ofENRSOIPEOIECIPCI LiCF3S03 electrolytes 
17l 
Chapter 6 Polymer electrolyte based on ENRIPEO blend 
.. 
. .... 
0 64 
........ 
0 
• ..' • ......... 
... 
62 •....... 
-45 
• 
.0 
6000 ;:. 
-00 
0 0 58 0 
... 0,11 .... a .. 
-55 • 56 
... 54 
-60 
• 
a 52 
-65 
0 20 40 60 80 100 
ENR25IPEOIUCF,50,JECIPC ('II. of PEO) 
Figure 6.34 Variation ofTg and Tm of the ENR25IPEO/ECIPCILiCF3S03 electrolyte as 
a function ofPEO concentration in the ENR mixture. 
-20 64 
-25 
--
........ 
." .•. ' . . '~ . 62 
.3) 
' . • • 
... 
-35 -Ii 60 
.. 
• 
.P 
-40- . ;::e 58 
0 
";:0 
-45 0. 
~ 56 
-00 0 
-55 0 54 
-60 -
• 0 52 
-65 I I k I , 0 20 60 80 100 
ENR50IPEOIECIPCIUCF ,50, ('110 of PEO) 
Figure 6.35 Variation ofTg and Tm of the ENR25IPEO/ECIPCILiCF3S03 electrolyte as 
a function ofPEO concentration in the ENR mixture 
172 
Chapter 6 Polymer electrolyte based on ENRIPEO blend 
6.4.3 Scanning Electron microscopy studies 
Scanning electron microscopy (SEM) was performed for the plasticized ENRIPEO 
blended films of various per cent PEO additives to determine the homogeneity of the 
polymer electrolytes. From the SEM micrographs in Figure 6.36 show that the phase 
behaviour of plasticized blended films containing low and higher percentage of PEO 
regimes. The plasticized blended electrolyte samples with 98/2, 95/5, 90/10 and 75125 
ENRIPEO ratios indicate smooth amorphous phases structure whereas the blends with 
higher percentage PEO regimes revealed low crystalline phases. The SEM results in 
agreement with DSC traces. DSC traces obtained for the ENRIPEO blended films with 
low per cent PEO show only single Tg and no first order transition. For blended 
samples with higher PEO regimes show single Tgs and first order transitions are 
apparent. 
(a) (b) 
Figure 6.36 SEM images of (a) ENR50 (25%)/PEO (75%)lLiCF3S03IEC:PC and 
(b) ENRSO (7S%)/PEO (2S%)ILiCF3S03IEC:PC solvent casting films 
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6.5.Infrared spectroscopy. 
All IR spectra were obtained and recorded on computer interfaced Nicolet FTIR system 
5.5 instrument in the frequency range 4000 to 500 em"l with resolution of 4 em"l. 
Figure 6.37 and 6.3.8 show the spectra of the plasticized ENR 25 and 50 blended films 
with different PEO concentrations. From the spectra indicate that the emergence of new 
peaks not present in PEO are seen. This has proven the complexations of the systems 
were formed. All of the plasticized blended samples with low per cent of PEO (98/2, 
9515,90110 and 75/25 ENR25IPEO ratios) have almost similar (not identical) IR spectra 
but they are different compared to high PEO content (98, 95, 90, and 75 weight per 
cent) regime samples. The differences occur in the following frequency region: (1) 
Special attention has been paid to FTIR spectra in the mid range frequency region at 
1500 em"1 to 800 em"l. The assignment of the functional group of chemical are given in 
Table 6.8 
Table 6.1. Mid-IR spectra forpure ENR-25, pure PEO and undoped ENR-25IPEO 
blends (500-1500 e~"I) 
ENR-25 E'JNR-25PEOIECIPC ENR-25/PEO/EC/PCILiCF3so, Assignmslt 
1659,1638 
1495 1451 1452 CH,CH2, CH3 
1377 1377 1382 
1356 1355 Cli2asym. 
1323 1321 1283 bending 
1250 1241 1258,1225 Mcmodentate 
1225 impain 
ll68 
1108 1076 CFlS~·J 
1097 1039 1037 v(COC) 
1031 LiX 
959 971 C-O-O 
871 872 v(COC) 
837 840 840 ~ 
717 epoxy 
714 BC 
641 v(S~) 
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Ir spectra in Figure 6.38 shows different trend of spectral features for the blend of 
ENR25IPEOIECIPClLiCF3S03 electrolytes when the PEO content in the blend 
progresses from low to high concentration. In the high PEO concentration indicate that 
a clear gauche configuration (843 and 960 em-I) at 98 wt.% PEO and satellite band 
(1100 cm!). The crystalline state of PEO slowly diminish as ENR content approach 75 
wt. %. The presence of plasticiser in the blend has caused the the spectra for the ystem 
very complex and contains many bands. The three bands found for the plasticised blend 
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containing low PEO content are 777, 714 and 641 em-1. It is indication of ethylene 
carbonate(EC) might coordinate with Lt from triflate salt or together with the epoxy 
group from natural rubber. In the far side higher end frequencies (~1850 cm-I ) beyond 
1500cm-I region appeared a strong peak. carbonyl (C=O) for EC plasticiser. The spectra 
of ENR50IPEOI LiCF3S03 /ECIPC electrolyte presented in Figure 6.38 almost similar 
trend to previous spectra of plasticised ENR251 PEOILiCF3S03 blend system. The 
difference might be the peaks are sharper and isolated split band appeared at 1800 em- t . 
2500 1500 1000 
Wzoerunbels (an-l) 
Figure 6.38 IR spectra of plasticized ENRSOIPEO/ LieF 3S03 blend electrolytes 
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6.6. Conclusion 
The three types of undoped ENRIPEO polymeric blend, ENRIPEOlLiCF3S<>J and 
ENRIPEOlEC/PCILiCF3S03 blend of dual-phase polymer electrolyte systems were 
designed for comparison to the previous work using single phase polymer host polymer 
electrolyte system of polyurethane, ENR and poly (methyl methacrylate) grafted natural 
rubber. The blended polymer electrolyte films were successfully prepared using solvent 
cast technique. Visual observation indicated that the undoped blends with low PEO 
concentration content was translucent whereas the blended films tum hazy as PEO 
concentration was increased. 
The ionic conductivities for the non plasticised ENRIPEOlLiCF3S<>J and plasticised 
ENRIPEOILiCF3S03 series as a function of PEO concentration content was studied. 
Measurements of the ionic conductivities of non plasticized ENRIPEO and plasticized 
ENRIPEO blends containing lithium triflate showed that this parameter is less affected 
by the percentage ratio between the two polymers. Ionic conductivities for plasticized 
ENRIPEO blend containing lithium triflate sah registered - 10-5 S em"1 compared to 
_10-6 S em-I for the non plasticized ENRIPEOILiCF3S<>J electro~es. 
The series of undoped ENRIPEO polymeric blend, ENRIPEOlLiCF3SO.J and 
ENRIPEOlEC/PCILiCF3S03 samples were also characterized for their thermal, SEM 
and FTIR analyses. From the analyses of undoped ENRIPEO blend series has found that 
the degree of crystallinity being reduced slightly as well as depression of melting 
temperature recorded by DSC·technique. The addition ofPEO into ENR polymer has a 
slightly negative effect on the conductivity of the ENRIPEOlLiCF3SO.J polymer 
electrolyte at room temperature. From thermal analysis indicates that single Tg of ENR 
was detected for composition containing PEO concentration S 75% suggest that the 
ENR polymer predominate in the blend. In the blend ENRIPEOlLiCF3SO.J series 
containing PEO high concentration content the T g values close to PEO was apparent. 
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In the experimental works involving blends containing high PEO content, even though 
both the degree of crystallinity and crystallization rates are reduced, the melting 
temperature is relatively constant as a function of composition. The two Tg's are hard to 
observe for blends 'containing higher PEO content because of the higher degre~ of 
crystallinity. It is possible that the crystallization process occurs together with phase 
separation for blends containing low concentrations of PEO. Concerning the th~rmal 
\ 
properties, different behaviours are observed by adding LiCF3S03 to the blends. The 
blends containing 10wPEO content become amorphous (single Tg's) by adding about 5 
wt % of LiCF3S03 (OlLi = 11). Whereas for the blends containing high PEO content 
present Tg's and Tm respec~.vely. 
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Chapter 7. Concluding remarks and future work 
7.1 Conclusion 
With regard to the chapters discussed in this thesis topic the foDowing final conclusion 
may be drawn. 
1. The electrolytes using polymer hosts thermoplastic polyurethane (TPU), modified 
natural rubbers and modified natural rubberlPEO blends containing L1CF]SOJ salt had 
various compositions suitable for isolating free standing films. In addition to this similar 
manner have been obtained for the plasticised regimes. The series of solvent cast films 
of thermoplastic polyurethane (TPU) and modified natural rubberllithium triflate salt 
electrolytes as weD as plasticised of these electrolytes with ECIPC has increased ionic 
conductivities from 10~ to 10-.5 S em-I at ambient temperature. In the series of non 
plasticised modified natural rubberlPEO blend containing lithium triflate salt 
electrolytes exhibit ionic conductivity 1 O~ S em-I whereas addition of ECIPC pluticiaer 
to the system increased ionic conductivities to 10'" S em-I at ambient temperature. 
2. The majority of the salt-doped polymer electrolyte systems have ionic conductivities 
10-.5 S cm- l at ambient temperature, which is higher than pristine PEo/salt complex. 
Addition of l00-wt % of ECIPC into the UCF1So, saIt-cloped polymer system has 
considerably increased an average ionic conductivity by almost two folds in mapitude. 
3. The DSC traces of the salt-added polymer electrolytes displayed • IinaIe and 
increasing trend of transition glass temperature (T a> when increuina amount of lilt 
concentration was introduced into polymer matrix. However the immobilizabon of 
ECIPC into the system has resuhed a marked reduction in their T I values. Compuilon 
between thennal behaviour and ionic conductivity of polyurethane, epoxidiMCI and poly 
(methyl methacrylate) grafted natural rubbers with blend poIymcn showed that the 
single polymers present better performance for UIiDa u polymeric eleltloiyte. The 
performance of the blend is affected by crystaIJisation and pbue 1e(IrIption. 
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4. Other factor to be considered for practical application is the excellent contact 
properties of the polymer electrolyte film to electrode substrate. From the experimental 
task conducted for preparation of film was found that modified natural rubber based 
electrolytes had excellent contact to PTFE substrate. 
S. For practical considerations, the mechanical rigidity of the polymer electrolyte films 
and its retention of liquid electrolyte solution have shown promising in the presence of 
polar modified natural rubber. 
6. In summary, from spectroscopic data in conjunction with thermal analysis show that 
the degree of crystallisation, melting temperature and microstructure of PEO in 
PEOIENR blends has been perturbed by the presence of ENR In addition the present 
data showed rather complicated blend morphology, which is composition dependent, 
arising from phase separation. FTIR data showed that a decreasing PEO crystalline 
intensity with increasing ENR content. Spectroscopic data of the three types of 
polymers used in the experimental works present similar peaks at lower frequency has 
tendency to coordinate with lithium salt despite the presence of monodentate ion-pairs. 
7.2 Future work 
This thesis has uncovered a novel polymer host modified natural rubber as alternative to 
PEO to materialize plasticised and non-plasticised polymer electrolyte films. The 
excellent finding of plasticised modified natural rubbers based on epoxidised natural 
rubber and methyl methacrylate grafted regimes prompted to further explore two main 
aspects of work in the future. They are the practical aspect mechanical properties and 
application in the lithium cell systems. At present stage has found that for ENR and 
MG49- salt complexes the addition of plasticiser to polymer electrolytes can increase 
the conductivity substantially. For practical implementation of such materials, 
knowledge of their mechanical properties, such as tensile strength and elastic modulus 
and the effects of plasticiser and salt on these mechanical properties, is desirable. As 
cited in the literature little work has been reported on this aspect of thus far. 
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The future work is proposed as follows; 
The experimental work will involve preparation of film samples using different 
technique than present one. Although solvent cast technique is simple to practice but the 
solvent has undesirable implication to health effect in the long tenn. An approach using 
internal mixing process such as Brabender can be used for epoxidised natural rubber 
based product. Brabender machine, which is normally use for thennoplastic and rubber 
material is conducive to prepare dry plastised polymer electrolyte film in the closed 
system. The operation using Brabender machine is computer controlled for small 
volume of plastic/rubber mixing tailored to formulation of sample. Additives such as 
plasticiser and composite filler could easily measure and held into the hopper of the 
Brabender machine. In addition to this is the advantage of monitoring the process of 
mixing from the computer interface to required temperature for the polymer in use. 
The blending process of two different polymers is very useful using this machine to 
achieve the right composition of sample with the ingredient as being practiced for the 
current research work. The extension of present work: using this method can improve 
the performance of the physical properties of the material by using latest technology 
parallel to plastic industry of present time. Preparing of test pieces for tensile sound 
simple but it needs proper attention to cut neat test pieces using standard cutter comply 
to standard method to produce reliable data with minimum error. The test samples need 
to be conditioning with controlled humidity similar to polymer electrolytes to avoid 
contact with moisture prior to testing operation. The profile of the entire process for 
polymer electrolyte could easily monitor using internal mixer such as the maximum 
temperature, which is required for its final application in the lithium battery system. The 
optimized compositions from the current's work using ENR25, 50 and blended 
ENRIPEO polymer hosts are selected. The plasticised composition with the target of 
ionic conductivity 10-4 S em-I using other type of plasticiser will be look into as 
alternative to ECIPC. 
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The second part of work involves the assembly of plasticised ENR polymer electrolyte 
in the lithium cell system. It has found that plasticised ENR electrolyte and methyl 
grafted natural rubber exhibit excellent contact to low adhesion substrate such as 
Teflon. The rubbery film and good adhesive properties provides an added. advantage as 
separator and electrolyte medium in the cell system. Plasticised epoxidised natural 
rubber and methyl methacrylate grafted natural rubber based electrolyte are flexible 
which enable them to undertake expansion and contraction process in the lithium cell 
system during operation. The use of ECIPC as solvent in the polymer electrolyte system 
has caused passivative layer to form between the interfacial layer of electrode and 
polymer electrolyte. 
The next series of work will investigate the use of polyethylene glycoldimethl ether as 
alternative to ECIPC to be added into modified natural rubber for the formation of 
polymer gel electrolytes. Glycol is familiar name to rubber industry as well as polymer 
technologist to improve processing of highly crystalline polymer. The concept of apting 
as lubricant in rubber ~rocessingJs also a~~to polymer electrolyte to further improve 
the polymer matrix environment for small lithium cation to move efficiently within the 
polymer host . However, characterization of polymer electrolyte is crucial to determine 
the final properties of the polymer electrolyte compatible to electrode component in the 
cell system. The compatibility of an electrolyte with the lithium electrode is essential to 
guarantee acceptable performance and lifetime in rechargeable lithium-polymer 
batteries. This is the aim of future work to investi~te the interfacial behaviour of a 
lithium electrode in contact with the polymer electrolyte under prolonged exposure. 
Possible approaches for improving the stability of the lithium electrodeJgelionic 
membrane interface include: 
(i) the selection of the most suitable solvent andl or salt and / or polymer 
components.; 
(ii) the addition of interfacial stabilizer, e.g., ceramic powders, and 
(iii) the use of dry membranes, ie., plasticizer-free membrane. 
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A convenient method for testing the compatibility of a given electrolyte with lithium 
metal electrode is that of monitoring. by impedance spectroscopy. In order to 
demonstrate the usefulness of the modified natural rubber basedpolymer electrolyte 
in rechargeable lithium batteries, it is necessary to fabricate Lil solid 
polymerlLii+xMn204 cell using the polymer and Lii+xMn20 4 composite cathode. 
Proposed assembly of the battery cell is described as follows; 
The target voltage is 3 V. 
Preparation of anode material ; Composite carbon anode using graphite mix with 
polymer electrolyte. 
Polymer electrolyte system using modified natural rubber added with plasticiser 
The composite cathode contained the same polymer electolyte and electronic 
conductor along with LiMn04. 
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AppendixD 
DSC traces 
PU control 
PU+ 15 (w/w %) LiCF 3S03 
PU+20 (w/w %) LiCF3S03 
PU+30 (w/w %) LiCF3S03 
PU+40 (w/w %) LiCF3S03 
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